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13 

Subsea Pipelines 


13.1 SUBSEA PIPELINE SAFETY 

In the United States, offshore production of oil and gas began in the early 
1950’s. Today, in the Gulf of Mexico, there are over 17,000 miles of subsea pipe¬ 
lines gathering and carrying oil and gas from offshore wells to platforms and to 
facilities onshore. Most of these pipelines are regulated by the Office of Pipeline 
Safety of the U.S. Department of Transportation (under Code of Federal Regula¬ 
tions 49 CFR), and some subsea pipelines are regulated by the Minerals Manage¬ 
ment Services of the U.S. Department of the Interior (under Code of Federal 
Regulations 30 CFR). State regulations also apply in certain locations. Because of 
the potential significance of leaks in offshore pipelines, there are continuous ef¬ 
forts to report, trend and analyze failures. From the investigation of nearly 1000 
incidents in the period 1960 to 1990, the following conclusions were reached 
[NRC]: 49% of offshore pipeline failures are due to corrosion, but these corrosion 
induced failures have only caused 2% of the pollution and resulted in no fatalities. 
In contrast, failures from maritime traffic account for only 14% of the failures but 
have caused 90% of the pollution damage and have resulted in several fatalities. 
Fatal accidents include the 1987 Sea Chief vessel accident in which the vessel 
struck an 8” pipeline operating at 480 psi, causing an explosion that killed two. 
The struck pipeline had been installed in 1968 under a 3 ft cover of sediments, but 
erosion had removed much of the initial cover and the line was only under 6” of 
mud at the time of the accident. In another case, in 1989, the Northumberland ves¬ 
sel struck a 16” gas pipeline. The resulting fire killed eleven. The line, installed in 
1972 under 8 ft of cover, was uncovered at the time of the accident. Today, depth 
of burial is closely regulated in zones of Heavy maritime activity. For example, in 
the U.S., a minimum cover of 3 ft below bottom or 18” below consolidated rock 
are required in depths shallower than 12 ft. In deepwater ports these depths be¬ 
come 6 ft and 3 ft respectively. 
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In the continuing search for cost-effective safety, risk-informed design crite¬ 
ria are being established. In one case, four limit states are defined [Sotberg]: serv¬ 
iceability (normal operation), ultimate (leak tightness, but the line may not be op¬ 
erable), fatigue (crack propagation), and accident (rupture). At the same time, a 
safety classification is established based on the consequence of failure, as shown 
in Table 13-1. Given the safety class, an annual probability of exceedance (the 
permissible yearly probability of not meeting a particular limit state) is established 
for each of the four limit states, as shown in Table 13-2. 


Table 13-1 Safety Classification [Sotberg] 



Location Class 

Location Class II |2) 

Non-flammable, Non-toxic 

Low Safety 


Flammable or Toxic Liquid 

Normal Safety 


Flammable or Toxic Gas 

Normal safety 

"i 1 Hi'ii IJif 1 1 1 i 1 

(1) No human activity 

(2) Within 500 m of human activity 


Table 13-2 Annual probability of Exceedance [Sotberg] _ 

_ Low Safety _ Normal Safety _ High Safety 

Serviceability _ 10' to 10' _ 10' to 10' _ 10' to 10' 

Ultimate 10' 2 to 10' 3 10' 3 to 10 4 10" 4 to 10' 5 

~~ Fatigue ~ 10'* 10 4 10'] 

Accident 10 10' 10' 


13.2 DESIGN PROCESS 

The first step in the design process of subsea pipelines is very similar to 
onshore pipelines: the design process starts with the thermo-hydraulic analysis of 
the line to determine the required flow area (inner diameter) and pumping or com¬ 
pressing capacity, taking into consideration the fluid properties, flow regime, flow 
rates and pressure drops. This step is complicated in the presence of two-phase 
flow (liquid and gas), with the liquid phase being itself comprised of several con¬ 
stituents (for example oil and water). In the second design step, a wall thickness is 
selected based on the maximum internal pressure, temperature, and material. The 
design for internal pressure follows the same mles as for onshore pipelines. Be¬ 
yond this second step, the design process becomes unique to subsea pipelines. In 
the third step, the wall thickness is checked against the external hydrostatic pres¬ 
sure applied to the pipeline, to verify that the pipe will not buckle. The fourth step 
considers installation loads as the pipe is welded and handled in long sections then 
lowered to the sea or lakebed. In the fifth step, the subsea pipeline is analyzed for 
on-bottom stability. Several iterations are usually necessary to arrive at the opti¬ 
mum choice of pipe material, grade and wall thickness. 
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13.3 INTERNAL PRESSURE 


The selection of wall thickness, given the maximum pressure and tempera¬ 
ture, and the pipe material specification and grade, follows the rules of ASME 
B31.4 for liquid pipelines and ASME B31.8 for gas or two-phase (liquid-gas) 
pipelines, and is covered in Chapter 4] 

13.4 EXTERNAL PRESSURE 

In the presence of external pressure, and in the absence of other loads, the 
buckling mode of an ideally round and straight pipe depends on its D/t ratio (di¬ 
ameter divided by thickness), in the same way that the buckling of a column in 
pure compression depends on its slenderness ratio. For large D/t (thin wall pipe) 
the buckling occurs while the material is still elastic (elastic buckling). The elastic 
collapse external pressure is Pe given in | Chapter~5~| as 



P E = elastic collapse external pressure, psi 
t = pipe wall thickness, in 
D = pipe outei diameter, in 
E = Young’s modulus, psi 
v = Poisson ratio 

At small D/t (thick pipe) buckling results from yielding of the cross section. 
Yielding occurs at a pressure P Y , given in Chapter 5 as 


Py = external pressure at yielding, psi 

Syh = minimum material yield strength in the hoop direction, psi 

At intermediate values of D/t the buckling regime transitions from elastic 
collapse P E to yield P Y , with a collapse pressure [Murphey] 



Pc = collapse pressure, psi 
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Therefore, a subsea pipeline of diameter D and thickness t, can resist - 
without buckling - a hydrostatic pressure equal to P c . If the same pipeline contains 
a buckle, this buckle will propagate if the hydrostatic pressure exceeds a value P P , 
given by [Fowler, Bai] 


P„ = 24- 


(D/t) 2 


P p = buckle propagation pressure, psi 

As an example of deep-water pipeline, at a depth of 6500 ft the external 
hydrostatic pressure on the pipeline is approximately 2850 psi. If the outer diame¬ 
ter of the pipeline is 12.75” and the minimum yield stress is 52,000 psi (API 5L 
X52), then the wall thickness would have to be at least 0.5” to avoid buckling (P c 
> 2850 psi). The same pipe will necessitate a wall thickness of at least 1” to pre¬ 
vent buckle propagation (P P > 2850 psi). This example illustrates that in deep wa¬ 
ters it becomes uneconomical to size a pipe to resist buckle propagation. Instead, 
the wall thickness may be selected sufficiently large to prevent buckle formation 
in the first place, and buckle propagation, should it occur, would be mitigated by 
the use of buckle arrestors. 

The length L B and thickness t B of buckle arrestors of diameter D B can be 
calculated from [Bai] 


P„-Pp=(P.-Pp)[l-exp<-15^f)] 

^ R 


Ph - hydrostatic pressure, psi = p g (h maA + h, + h s ) 
p = sea water density, lbm/in 3 
g = gravity, in/sec 2 

h niax = maximum depth for pipe thickness, in 
h, = tidal amplitude, in 
h s = storm surge, in 

P a = propagating pressure for buckle arrestor, psi 
t B = thickness of buckle arrestor, in 
L b = length of buckle arrestor, in 
D b = diameter of buckle arrestor, in 


P = 34 ■ 


(D B /t B ) 2 
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If the pipeline cross section is not perfectly round, then the collapse pressure 
can be obtained from 


A 

2 


P. =- J — + P E P Y 


A 2 

4 


A = P Y + P E + 3P e 5 


D 


8 = initial ovality of cross section = 100 [(D^ - D min ) / (D^ + D min )] 

If the pipeline is subject to longitudinal stresses concurrent with the external 
pressure, then the equation for Pc may still be used, with an adjusted value Syh’ for 
the hoop yield stress [Fowler] 


S ' = S 



I£l. 

2 


Syh’ = adjusted hoop stress, psi 

a L = longitudinal stress in pipe wall, psi 

S Y l = longitudinal yield stress, psi 

A pipeline can be subjected to displacement limited bending stresses 
(bending stresses due to an imposed curvature of the line) concurrent with the ex¬ 
ternal pressure, for example when bending the pipe around a reel, or if the pipeline 
is entrained by the sea bed over a finite distance. In this case, Murphey and Lang- 
ner proposed the following criterion for avoiding collapse [Murphey] 

P D 2 k , 

— +- <1 

P c t 

P = external hydrostatic pressure, psi 
k = curvature, 1/in = 1/R 
R = radius of curvature due to bending, in 

If the pipeline is subjected to load controlled (as opposed to displacement 
limited) bending stresses, then the Von Mises equivalent stress S e must be kept 
low, below the elastic limit, by applying the rules of the applicable design code 
[ASME B31.4, ASME B31.8, or BS 8010]. With the bending stresses kept low, 
the collapse pressure is not significantly different than the case without bending 
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S e = ^ ja h 2 + a L 2 - a h "a L + 3x^ < f d Sy 


S e = equivalent stress, psi 
<7h = hoop stress, psi 
a L = longitudinal stress, psi 
x = shear stress, psi 

f d = design safety factor (refer to applicable code) 

S y = yield stress, psi 

13.3 PIPE LOWERING 

The first significant load on the pipeline is experienced while joining and 
lowering the pipeline to the seabed. These installation stresses may even control 
the pipeline design. If the lowering operation is not properly designed, planned 
and controlled it may damage the pipe or its coating. Concrete coating 
larly sensitive to overbending during the lowering operation [API 17A], 

Ij illustrates several methods for lowering a pipeline: 

S-curve: The pipeline is assembled horizontally on the lay vessel and lowered with 
a smooth S shape. 

Tow: The pipeline is assembled on shore then towed on buoys to its final location 
and sunk in place 

J-curve: The pipeline is assembled vertically on the lay vessel and lowered with a 
smooth J shape. 

Reel: The pipeline is assembled and rolled on shore and then unrolled from the 
reel onto the seabed. While this is a common technique for pipelines made of soft 
materials such as polyethylene, it is also used for carbon and alloy steel pipes up to 
12” in diameter [Kenawy, Crome]. As it is lowered to the seabed, the radius of 
curvature of the pipeline profile should be sufficiently large to prevent buckling. 
Several formulas have been proposed to calculate the minimum radius of curva¬ 
ture of a pipeline to avoid buckling. First, we note that the maximum bending 
strain in the curved pipe is 


is particu- 
Figure 13- 


D 

2R 


s = maximum bending strain 

D = pipe outer diameter, in 

R = radius of curvature of bent pipe, in 
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Figure 13-1 Methods for Lowering Pipelines to the Seabed 
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In the absence of significant external pressure, buckling can be avoided if 
the maximum bending strain is limited to the following values [Plonski] 

e tl < min {3(t/D) 2 ; 1%} 

e Dc < min (6(t/D) 2 ; 1.5%} 

s LD < min {15(t/D) 2 ; 2%} 

e TL = total longitudinal strain 
e DC = displacement controlled strain 
8 L d = local discontinuity strain 
D = pipe outer diameter, in 
t = pipe wall thickness, in 

For the purpose of pipe lay operations, the design strain limit is reported to 
be 0.2% [Bai], 

In the presence of external pressure, the rules of section 13.4 would apply. A 
difficulty arises at field coated welds: unlike mill-applied insulation and weight 
coating, which is thick and stiff, the weld cover coating applied in the field or lay 
vessel tends to be more flexible. As the pipe is reeled or lowered it will have a 
tendency to hinge (and therefore buckle) around the field joints, which are more 
flexible than the adjacent pipe and coating. This condition can be investigated by 
elastic-plastic finite element analysis to determine if and where buckling may oc¬ 
cur and establish preventive measures [Crome]. 

13.6 ON-BOTTOM STABILITY 


13.6.1 Objective 

Offshore pipelines are subject to wave and current forces that can 
cause the pipeline to shift on the seabed [Zhang]. This is a particular concern near 
well connections, platform risers, and seabed discontinuities. In these critical loca¬ 
tions the pipe has to be stable on the seabed. For other locations, where stability is 
not essential, it may still be necessary to limit pipe movement to 10 times or 20 
times the diameter to avoid buckling [Plonski]. The pipeline must therefore be 
designed to remain stable under the most adverse combination of its lightest 
weight (lowest density of contents) and the most severe waves and currents (such 
as a combination of 100 year return period for waves with a 10 year return period 
current, and vice-versa). The analysis may show that the pipe is unstable on the 
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sea bed, and it may be necessary to stabilize the line with concrete coating, rock 
cover, sand bags, stabilizing mattresses, trenching, or tie-down anchors. 

13.6.2 Static Analysis 

The criterion for on-bottom stability, illustrated in Figure 13-2, can be writ¬ 
ten as [Damgaard, Bai] 


F H <H(W S -F L ) + Fp 

F h = sum of the horizontal drag and inertia forces on the pipe, lb/ft 
p = friction coefficient 
W s = submerged weight of the pipeline, lb/ft 
F l — hydrodynamic lift force, lb/ft 

F P = passive soil friction due to embedment and trenching, lb/ft 



Figure 13-2 Forces Applied to Subsea Pipeline 

Following API 1111, the friction coefficient p is 0.5 to 0.7 for a sandy sea¬ 
bed, 0.5 for gravel, and 0.3 to 0.6 for clay [API 1111]. BS 8010 provides lateral 
friction factors for North Sea applications of 0.5 to 0.9 for a non-cohesive bed 
(sand) and 0.3 to 0.75 for a cohesive bed (clay) [BS 8010]. 

The horizontal force F H is comprised of the drag force F D and the inertia 
force Fi, with 


F H (t) = F D (t) + Fj(t) 
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F B (0 = jp„DC D U(t)|U(t)| 
F,(t) = ^p.(C M -l)a(t) 


F h = total horizontal force, lb 

F d = drag force, lb 

p m = mass density of water, lbm/ft 3 

D = pipe outer diameter (including coating), ft 

C D = transverse drag coefficient 

U(t) = free stream water particle velocity, ft/sec 

F r = inertia force, lb 

C M = inertia coefficient 

a(t) = free stream water particle acceleration, ft/sec 2 

The pipe in contact with the seabed is also subject to a vertical lift force F L , 

with 


FL<0 = ^P.C L [U(t)] ! 


F l =Tift force, lb 
Cl = lift coefficient 

Typical values for the drag, inertia and lift coefficients can be obtained from 
standards [API 1111, BS 8010]. Extensive testing conducted on full scale and 
scaled down models indicate that the coefficients C D , C M and C L depend on sev¬ 
eral factors that can be represented as dimensionless parameters [Justesen, Fred- 
soe]: e/D the ratio of the gap between the bottom of the pipe and the seabed sur¬ 
face; KC the Keulegan-Carpenter ratio = U m T / D where U m is the wave velocity 
amplitude and T its period; The ratio Uc / U m of the current velocity to the wave 
velocity; the Reynolds number = UD/v where v is the kinematic viscosity of 
the water. The lift coefficient Cl in shear flow varies in a non-linear manner with 
e/D [Fredsoe]. Tests have confirmed the horizontal force equations F D and F t with 
C D between 1 and 2.5 depending on KC and e/D, and C M between 1 and 5 de¬ 
pending on KC and e/D [Justesen]. However, as written, the drag force F D does 
not explain the observed lateral oscillations (in the direction of flow) and vertical 
oscillations (cross flow) caused by vortex shedding [Torum, Skomedal]. The 
shedding of vortices due to cross flow around the pipe causes periodic hydraulic 
forces with a dominant frequency f s equal to (| Chapter 8}| 



Copyright © 2003 by Marcel Dekker, Inc. All Rights Reserved. 





f s = vortex shedding frequency, Hz 

S = Strouhal number, in the order of 0.2 for Reynolds numbers of 500 to 500,000 
V = cross flow velocity at mid span, ft/sec 
D = pipe outer diameter, ft 

If the frequency of vortex shedding is close to the natural frequency of the 
immersed pipe span f P , the span oscillation will resonate with the vortex shedding 
force. Tests on an immersed 18 ft long span of 6” pipe have recorded resonant 
oscillation amplitudes in the order of 20% of the pipe diameter in the direction of 
flow (in-line drag), and 150% of the pipe diameter in the vertical direction (cross 
flow lift) [Humphries], The vibration amplitude has been correlated to a stability 
parameter KS [Humphries, King] 


_ 2m e ft 


KS = stability parameter 
mg = linear mass of span, lbm/ft 
p m - mass density of water, lbm/ft 3 
P - damping of pipe span in air 
D = pipe outer diameter, ft 

If KS > 18 the cross-flow oscillation will tend to disappear, and if KS > 1.4, 
the in-line oscillation will tend to disappear. For short spans (L < 20D) end effects 
will also affect the vibration amplitude. The vertical lift force Fl has proven to be 
more complex than F L = pC L U(t) 2 /2. While this equation always predicts a posi¬ 
tive (upward) lift force (the velocity being squared), the lift force has been ob¬ 
served to be negative (downward) for low values of KC. It then becomes positive 
for intermediate values of KC (increasing as e/D decreases, i.e. the closer the pipe 
is to the sea bed, the higher the lift force), and finally the lift force converges to 
zero as KC increases. 

13.7 PIPELINE FLOTATION 

The condition to prevent flotation of a pipeline in water can be written as 
[AWWA] 


Tl 1 7tF) 2 

t(D 2 - d>„ + HD(1 - -L)w e > (SF)w w 

4 ge 4 

D = outside pipe diameter, ft 
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d = inside pipe diameter, ft 

w P - unit weight of pipe material in air, lb/ft 3 

H = soil cover over pipe, ft 

g e — specific gravity of backfill particles 

w e = bulk unit weight of dry backfill, lb/ft 3 

SF = safety factor 

w w = unit weight of water, lb/ft 3 

Flotation can also be avoided by means of cement weight coating (140 
lb/ft 3 ). The coating may be (a) sprayed, (b) rolled around the pipe, with one or two 
layers of embedded steel wire reinforcement, or (c) injected in a layer 1” to 5” 
thick, with a steel cage. The cement coating also protects the anticorrosion coating 
from mechanical damage such as boat anchors or fishing gear. The reinforcement 
should be electrically isolated from the pipe and from cathodic protection anodes. 

Other options to avoid flotation, and to limit movement, is to dump rock at 
various points along the line, place sand filled membranes over the pipeline 
[McGill], or use commercially available or specially designed anchors to tie the 
pipe to the sea bed [Anchor Pipe], 

13.8 FATIGUE DESIGN 

Risers and free spanning (uncovered) spans in subsea pipelines are subject 
to cyclic loads from waves, platform movement, etc. API 17A recommends the 
fatigue life to be three times the pipeline service life. BS 8010 provides a straight¬ 
forward method for the evaluation of fatigue life under cyclic loads, in the form 

SSjC; <2.1xl0 6 

i 


S ; = stress range of load condition i, ksi 

Q = fatigue life constant (0.0 for S; = 0 to 5 ksi, 0.2 for S f = 5 to 10 ksi, 0.6 for S; = 
10 to 15 ksi, and 1.0 for Si= 15 to 18 ksi). 

13.9 HOOK AND PULL 

As indicated in section 13.1, most of the damage from subsea pipeline rup¬ 
tures is caused by maritime traffic, particularly hook and pull by fishing gear and 
ship anchors. The route, marking and layout of subsea pipelines, particularly in 
shallow waters is regulated to minimize the risk of such accidents. Despite the best 
precautions, hook and pull accidents still occur. In this case, a thorough inspection 
of the line is in order. The inspection may be guided by an analysis of the accident 
to help estimate the extent and severity of damage. The analysis model would con- 


Copyright © 2003 by Marcel Dekker, Inc. All Rights Reserved. 



sist of three parts: the local pipe wall stiffness at the point of contact, the ship trawl 
stiffness, and the pipe-soil stiffness. The indentation of a pipe wall when struck by 
a force F, ignoring the coating, is [Bai] 


A = 


F 2 

25S y V 


A = indentation of pipe wall, in 
F = impact force, lb 
S y = yield stress of pipe steel, psi 
t = pipe wall thickness, in 

Expressed as the energy required by a sharp edge to cause an indentation A 
is 


E = 



E = inpact energy, in-lb 
D = pipe outside diameter, in 
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14 


Buried Pipe 


14.1 TO BURY OR NOT TO BURY 

The decision to bury a pipe or place it above ground depends on several 
factors: on one hand, a buried pipe (a) reduces plant congestion, (b) allows for the 
shortest route (fewer bends) from point to point, (c) avoids existing above ground 
obstructions, (d) is protected from ambient temperature changes, (e) is protected 
from wind loads, and (f) if buried deeply, is protected from surface traffic and 
activities. In certain cases, burying the pipe may be the only viable alternative. 

On the other hand, a buried pipe (a) has unique corrosion challenges that 
may dictate the use of coating and cathodic protection, (b) requires more elaborate 
repairs, with the need to locate the pipe, locate the leak, open the trench or resort 
to specialized trenchless repair techniques, (c) can be accidentally damaged by 
digging, (d) may leak for some time before the leak is detected, (e) requires careful 
trenching and backfill to avoid excessive soil settlement, and (f) has to be designed 
for soil and surface loads, which requires a good understanding of the soil condi¬ 
tion and properties. In certain plant yard applications, burying the pipe has proven 
to be a costly decision, and it is not uncommon, after years of corrosion and leak¬ 
age, to see buried plant piping abandoned in place, and replaced by above ground 
systems. 

Buried pipes (either buried underground or covered by an embankment) can 
experience a broad range of loads that must be accounted for in design. Normal 
service loads include internal pressure, constrained expansion or contraction due to 
changes in fluid temperature, soil weight, surface traffic, and normal soil settle¬ 
ment. Abnormal (accidental) loads include large pressure transients (such as wa- 
terhammer), large soil settlement (soil failure), and seismic forces. 
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14.2 INTERNAL PRESSURE 


The design of buried pipe for internal pressure consists in selecting the 
minimum required wall thickness, given the material, diameter, design pressure, 
and corrosion allowance. The equations for pressure design are given in the appli¬ 
cable ASME B31 code for pressure piping, or AWWA for water works systems. 
The wall thickness si zing equat ion for buried pipe is the same as if the pipe was 
placed above ground |(Chapter 4)J No credit is taken for the external bearing pres¬ 
sure applied by the soil to counter the internal pressure, no matter how well com¬ 
pacted. Internal pressure will also cause a thrust force in bell and spigot construc¬ 
tion. This thrust force must be restrained through tie rods bridging the joint or 
thrust blocks at changes in direction [DIPRA], 


14.3 SOIL LOADS 

The study of the effect of soil loads on buried pipe dates back to the early 
1900’s, a time when the first large scale irrigation projects were developed, relying 
on underground clay tiles to carry and distribute water to fields. In a pioneering 
study published in 1913, Professor A. Marston presented the experimentally based 
“Theory of Loads on Pipes in Ditches” and the formula for predicting soil loads on 
buried pipes [Marston]. More recent publications in this field have confirmed the 
wisdom of Marston’s theory [Moser, Watkins], Design equations for soil loads can 
be found in AWWA manuals and standards [AWWA Cl50, AWWA C900, 
AWWA Mil, AWWA M23]. The simplest design rule for pipes installed in a 
trench with backfill, is to apply the prism formula, which states that the earth load 
on the pipe is equal to the weight of the soil prism right above the pipe, as shown 
in|Figure 14-11 


P v - y H 


P v = earth load pressure on buried pipe, psi 
y = unit weight of backfill, lb/in 3 
H = burial depth, in 

If the pipe is below the water table, then the soil pressure is reduced by 
buoyancy and increased by the weight of water 

P v =yH-0.33^yH+ T „h 

n 


h = height of water above pipe, in 
Yw = unit weight of water, lb/in 3 
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Figure 14-1 Soil Prism Above Pipe 


If, instead of being placed in a ditch with backfill, the pipe is tunneled 
through undisturbed soil, the earth pressure is lower by a factor 2c (H/D) where c 
is the soil cohesion [Moser]. Whether in a ditch or tunneled into place, the soil 
load on steel pressure piping is small. For example, under 10 ft of dry soil (y = 
0.07 lb/in J ) the pressure on the pipe is 0.07 x 120 = 8.4 psi. Soil loads become 
important for large diameter thin pipes (large diameter / thickness ratio) as en¬ 
countered in waterworks (water conduits made of corrugated sheet metal) and for 
materials with limited ductility, prone to fracture under external loads (concrete, 
cast iron). 


14.4 SURFACE LOADS 


Buried pipes crossing highways, runways, railroad tracks, construction sites, 
are exposed to loads due to the passage of heavy surface traffic. The pressure 
transmitted to the buried pipe by a surface load is [ALA, Moser, WRC] 


P„ = 0.48 


_ 5 _ 

H 2 [l + (d/H) 2 f : 


P s = surface load, lb 

d = offset distance from surface load to buried pipe, in 

For example, an 180,000 lb surface load right above a pipe (d = 0) will 
cause a pressure of 6 psi if the pipe is buried 10 ft below ground. Under the effect 
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of soil and external loads, the buried pipe will tend to ovalize, causing through- 
wall bending stresses, with [ALA] 


A_ 

D 


4E — — 
D D 

0.15P 


—r +0.06 IE' 
R 3 


cr b = through-wall bending stress, psi 

E = modulus of elasticity of pipe, psi 

A = change in pipe diameter due to ovalization, in 

D ~ pipe diameter, in 

t = pipe wall thickness, in 

El = pipe wall stiffness, in-lb 

E’ = modulus of soil reaction, psi [AWWA Cl 50] 

For example, a downward pressure of 6 psi on a carbon steel pipe buried in 
poorly compacted soil will cause it to ovalize 0.8%, with a through-wall bending 
stress of 14.5 ksi. Where the surface load is both significant and repetitive, fatigue 
considerations may dictate a deeper soil cover. This subject has been extensively 
investigated for steel pipelines crossing highways and railroad tracks, and tech¬ 
niques have been developed to predict fatigue life and minimum depth of cover in 
this case [API 1102]. 


14.5 THERMAL EXPANSION AND CONTRACTION 

When the fluid temperature conveyed in a buried pipe differs from the soil 
temperature, the pipe will tend to contract or expand. In a straight pipe, fully re¬ 
strained by the surrounding soil, unable to expand or contract, the temperature 
change will cause an axial stress [B31.4, B31.8, ALA] 

PD 

a A =Ea(T 2 -T,)-u — 

a A = axial stress in a pipe fully constrained by the surrounding soil, psi 

E = modulus of elasticity of pipe material, psi 

a = coefficient of thermal expansion of pipe 1/°F 

T 2 = fluid temperature, °F 

Ti = burial installation temperature, °F 

v = Poisson ratio of pipe material 

P = internal pressure, psi 
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D — pipe diameter, in 
t = pipe wall thickness, in 

The situation is different if the buried pipe contains a bend, and is not as¬ 
sumed to be fully restrained by an infinitely stiff soil at the bend. In this case, the 
pipe will tend to flex around the bend, with the surrounding soil exerting a re¬ 
straining force. The pipe acts as a beam on elastic foundation, as illustrated in Fig¬ 
ure 14-2. The hand calculation of stresses is only possible in the simplest of con¬ 
figurations [ASME B31.1, ALA, WRC 425], 

In most cases, it will be necessary to analyze the expansion or contraction 
around the bend using a pipe stress analysis program, with the soil modeled as 
spring elements around the pipe. The stiffness and spacing of soil springs depends 
on the soil and compaction properties [ALA, WRC 425, ASCE]. The bending 
stresses in the pipe are calculated and compared to an allowable stress, such as 
defined in Appendix VII of ASME B31.1. 



Figure 14-2 Partially Restrained Expansion at a Buried Pipe Bend 

If the temperature rise in a pipeline becomes significant, the compressive 
stress in the line will increase and could cause the pipe to buckle up, what is re¬ 
ferred to as upheaval buckling. The compressive force in the buried pipeline is 


PD 

N = cr A A pipc = [Ea(T 2 -TJ-u~]7uDt 


The critical compressive buckling force in a perfectly straight pipeline is 
[Friedman, WRC 425] 
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N^perfcc, = 27^7 

Ncriticai,perfect = compressive buckling force for a perfectly straight buried pipe, lb 
E = pipe material Young modulus, psi 
I = pipe cross section moment of inertia, in 4 
kg = stiffness of soil cover, lb/in 

The critical compressive buckling force in a real pipeline with an initial cur¬ 
vature is a fraction of 


Ncritical,actual X Ncritical.perfect 

Ncriticai,actual = compressive buckling force for an initially deformed pipeline, lb 
X = fraction that depends on initial curvature of the pipeline 

The uplift resistance of the soil can also be expressed in terms of force per 
linear foot of pipeline. In a cohesionless soil [Schaminee] 

P = yHD(l + f J |) 


y = soil density, lb/in 3 
H - burial depth, in 
D = pipeline diameter, in 

F d = load factor 0.6 for gravel or rock dump, down to 0.15 for very loose soil 
For cohesive soils 

P = DC.(1 + f c ■—) < 5.14DC, 


C u = shear strength of soil, psi 

14.6 GROUND MOVEMENT 

Ground movement (either a gradual settlement or spread, or a sudden failure 
due for example to a landslide, an earthquake or mining operations) could cause a 
buried pipe to fail by plastic tension or by compressive buckling. The assessment 
of ground movement consists of two parts: first, the prediction of the deformed 
pipe profile; second, the resulting stresses or strains in the deformed pipe. The first 
part, predicting the pipe profile, is not a simple proposition. The civil engineer 
must estimate the magnitude of movement and the distance over which it will take 
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place. Given the soil deformation profile, the stresses or strains in the pipe can be 
estimated by computer analysis or hand calculation. A computer analysis will gen¬ 
erally consist of an elastic-plastic model of the pipe, restrained by non-linear soil 
springs, with the ground movement imposed at the base of the soil springs [ALA, 
ASCE]. The stresses are obtained directly as output. An elastic analysis, in which 
the total stress in the pipe is kept below a fraction F D of the material yield stress, 
can be accomplished by hand calculations. A pipe settlement X would be judged 
acceptable if it occurs over a distance at least equal to L, where [API 1117] 


L = 


3.87xlQ 7 DX + 7.74 xlQ 7 X : 

f d s y -s e 


L = minimum required length (L = 2L[ in Figure 14-3), ft 
D = outside pipe diameter, in 
X = mid-span deflection, ft 
F d = design factor 

S Y = minimum yield stress of pipe material, psi 

S E = longitudinal stress in pipe prior to ground movement, psi 


<L 



Figure 14-3 Mid-Span Deflection 

The profile, along the pipe should be at least as gradual as that given by 
[API 1117] 


X, = 


16a 2 X(L - a) 2 

V 


X a - vertical deflection, at a distance a, ft 
a = distance along the trench from origin of deflection, ft 
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In addition to limiting the stress to F D S Y , the strain on the compressive side 
of the bent pipe should be less than the buckling strain [WRC 425] 

4AD Dk ^ ( t V 6 

b L 2 2 [dJ 

e b = maximum compressive strain in bent pipe 
A = maximum bow at mid-span, in 
D = pipe outside diameter, in 
L = length of pipe segment, in 

k = curvature of bent pipe (1/R where R is the radius of curvature), 1/in 

14.7 SEISMIC 

Earthquakes can fail buried pipes in one of two ways: (1) a large 
ground movement that fails the pipe by tension (particularly at corroded sec¬ 
tions, poor weld joints and mechanical joints) or by compressive buckling, and 
(2) a large cyclic movement caused by the passage of the seismic wave. The 
effect of ground movement can be analyzed following the rules of Section 14.6. 
It has been argued that wave passage alone could not fail modem (arc welded), 
well constructed (fabrication, NDE and hydrotest per ASME B31 code), and 
well maintained (little corrosion) steel pipe. Where wave passage must be ana¬ 
lyzed, the upper bound of the strain in the pipe can be obtained by assuming that 
it is equal to the soil strain caused by wave passage [ALA, ASCE] 



c a = soil strain 

V g = peak ground velocity due to wave passage, ft/sec 

a - factor 2 for shear waves, 1 for other seismic waves 

C s = apparent propagation velocity for seismic waves, 6560 ft/sec 
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15 

Welding 


15.1 SHOP AND FIELD WELDING 


Welding is a joining process in which the parts to be joined are heated above 
their melting temperature. The bond between the two parts is metallurgical. The 
melted parts may be joined with a filler metal also melted in the joining process, or 
without a filler metal (autogenous welding). The term welding also applies to 
thermoplastics, which can be heated, melted and fused together, typically by com¬ 
pressing the two heated ends. Brazing applies to a joining process in which a filler 
metal is melted at a temperature above 840°F but generally below the melting 
temperature of the parts to be joined. The molten filler metal is deposited at the 
junction between the two solid parts. The bond is formed by diffusion of braze 
metal into the parts being joined. Soldering is similar to brazing, but the filler 
metal (solder) melts at a temperature below 840°F (tin, lead and zinc melt below 
840°F, Table 15-1) The bond is formed by adhesion of melted solder between the 
parts. There are several welding processes: arc welding, resistance welding, flash 
welding, oxyacetylene torch welding, friction welding, electron or laser beam 
welding [Weisman]. For the latest knowledge on welding the engineer should re¬ 
fer to research and publications from institutes or societies such as the Edison 
Welding Institute (EWI, Columbus, OH), the Welding Institute (TWI, UK), the 
Pressure Vessel Research Council (PVRC), or the American Welding Society 
(AWS, Miami, FL). 


Welding of piping and pipelines takes place first in the pipe mill, where 
skelp (sheets of steel) are rounded and seam welded, longitudinally or spirally. 
This pipe mill weld is a seam weld. Second, pipes and components (fittings, 
valves, etc.) are welded together in the shop or in the field. The shop or field weld 
is generally a girth weld (weld around the circumference) or a fillet weld (for ex¬ 
ample at socket welded joints, or when welding an external attachment to the 
pipe). A multi-pass girth weld consists of a root pass (from the inside or outside 
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diameter), a hot pass (root cover), and before the root pass completely cools, one 
or several fill passes, and a wider cap pass. 

A common welding technique for shop or field welding metallic piping 
systems is arc welding. In arc welding, the pipe metal, and the filler metal, if used, 
are melted by the heat of an electric arc and then solidify to form the weld joint. 
The arc is formed by the flow of current between the parent metal (work-piece) 
and an electrode, which can be consumable (melts and becomes part of the joint) 
or non-consumable (having a higher melting temperature than the arc, the elec¬ 
trode - typically tungsten or carbon - does not melt). 

Table 15-1 Approximate Melting Temperatures _ 

Tin: 450°F 
Lead: 600°F 
Zinc: 790°F 

Aluminum alloys: 1000°F 
Magnesium alloys: 1100°F 
Copper, brass, bronze: 1800°F 
Copper-nickel: 1900°F 
Gray cast iron: 2100°F 
Stainless steel: 2600°F 
Nickel alloys: 2600°F 
Cr-Mo steels: 2700°F 
Carbon steel: 2800°F 
Iron oxide: 2900°F 
Titanium alloys: 3000°F 
Zirconium: 3380°F 
Nickel oxide: 3600°F 
Chromium oxide: 4100°F 
Molybdenum: 4730°F 
Tantalum: 5425°F 


In all cases, the molten pool of metal that constitutes the weld must be 
shielded from contaminants such as dust; oxygen and hydrogen could lead to in¬ 
clusions, porosities or cracks in the weld. Shielding is achieved by means of a flux 
deposit or a gas blanket. The common arc welding techniques for shop and field 
welding of piping systems and pipelines are shielded metal arc welding (SMAW), 
submerged arc welding (SAW), gas metal arc welding (GMAW, MIG), flux core 
arc welding (FCAW), gas tungsten arc welding (GTAW, TIG). The end bevel may 
be square (typical for 1/8” thin pipe), 60° to 80° single-V or double-V total bevel 
angle. 
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15.2 WELDING PROCESSES 


15.2.1 Shielded Metal Arc Welding 

Shielded Metal Arc Welding (SMAW) is also referred to as Manual Metal 
Arc Welding (MMAW) or stick welding, Figure 15-1. The consumable electrode 
(a stick or rod typically 9 to 18 in. long) is covered with a metallic sheath (flux) 
that stabilizes the arc and produces gases that protect the arc from contamination 
by the atmosphere. 

The advantages of SMAW are: it welds most metals, thick or thin parts, it is 
common, it permits the use of a variety of flux covers, it can be used for all weld¬ 
ing positions, the equipment is light and easy to transport in the field, the power 
supply can be direct current (dc) or alternating current (ac), it requires no gas or 
water supply, and it can utilize an electrode that matches the base metal or a spe¬ 
cial alloy electrode. 

The shortcomings of SMAW are: the welding process is slowed down since 
each stick (rod) must be replaced as it is consumed, the slag needs to be cleaned 
after each pass, and it tends to spatter molten weld metal. 



15.2.2 Submerged Arc Welding 

In submerged Arc Welding (SAW), the arc between the continuously fed 
bare metal electrode and the work piece is submerged by the deposition of molten 
granular flux, which shields the arc from the atmosphere ] Figure 15-2,1 The elec¬ 
trode itself or an additional welding rod serve as filler metal. The flux shields the 
arc and molten pool from the atmosphere and reduces the cooling rate. 
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The advantages of SAW are: it can be used to weld large pieces (beams, 
vessels) because it has a high deposition rate, its deep penetration makes it well 
suited for thick plates, even with imperfect alignment of weld bevels. Pipe mills 
commonly employ automated SAW to weld pipe seams. 

The shortcomings of SAW are: it is mostly a horizontal (flat) welding tech¬ 
nique, the welder can not see the arc that is immediately covered by the flux, the 
metal stays molten for a longer time (owing to the flux cover) which may require 
backing, and the welding equipment is large. 



Figure 15-2 Illustration of Submerged Arc Welding 

15.2.3 Gas Metal Arc Welding 

Gas Metal Arc Welding (GMAW) is also called Metal Inert Gas welding 
(MIG) when shielded by an inert gas such as helium, and Metal Active Gas weld¬ 
ing (MAG) when shielded by a reactive gas such as C0 2 , Figure 15-3. The elec¬ 
trode is consumable, varies from 20 mils to 3/32” diameter, and is fed through the 
center of a gas nozzle (torch tips) that continuously supplies a shielding gas such 
as argon, helium or carbon dioxide. It is mostly used with direct current supply. 



Figure 15-3 Illustration of Gas Metal Arc Welding 
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The electrode may be in fast alternating contact with the weld pool (short 
circuit dip transfer) or kept at short distance from the base metal (globular or spray 
transfer for all positions). 

The advantages of MIG are: it is slag free, it can be used to weld most mate¬ 
rials, its continuous feed makes it efficient, and the weld bead can be controlled by 
the transfer method and the choice of shielding gas. 

The shortcomings of MIG are: it requires large equipment, shorts can lead to 
lack of fusion, it requires a gas source (argon, helium, carbon dioxide), when 
welding outdoors wind can blow the shielding gas away, and it tends to spatter 
weld metal. 

15.2.4 Flux Core Arc Welding 

In Flux Core Arc Welding (FCAW), the electrode is consumable and con¬ 
tains in its center either a flux that automatically shields the molten pool (self- 
shielding FCAW), or minerals or alloys, in which case gas shielding is necessary 
(gas shielded FCAW), Figure 15-4. 

The advantages of FCAW are: it can be used to weld many metals, it can be 
used in all positions, it has a high deposition rate, and its slag is relatively thin and 
readily removed. 

The shortcomings of FCAW are: the need to chip-off flux at the end of a 
weld pass, and welding is accompanied by smoke. 



Figure 15-4 Illustration of Flux Core Arc Welding 

15.2.5 Gas Tungsten Arc Welding 

Gas Tungsten Arc Welding (GTAW) is also called Tungsten Inert Gas 
welding (TIG). The non-consumable electrode is made of tungsten (pure tungsten. 
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zirconium tungsten, or thoriated tungsten) and is contained at the center of a gas 
nozzle, Figure 15-5. Welding may be autogenous (no filler metal) or a separate 
welding rod may be used to supply filler metal. The arc and weld pool are pro¬ 
tected by inert gas (welding grade argon or helium). TIG can be used with ac or dc 
power supply. On carbon steel, TIG is usually limited to thin wall pipe or tubing, 
and root and hot pass (the first two passes) on standard size pipe. 

The advantages of TIG are: the electrode and welding rod being separate 
can be separately controlled leading to good quality welds (smooth, uniform) in 
most metals, it does not require weld cleanup, it is spatter free. It is particularly 
well suited for standard wall pipe, or for a first pass on thick wall piping and pipe¬ 
line. 


The shortcomings of TIG are: it is a relatively slow welding process, the 
tungsten electrode, which remains solid during welding may chip and form an 
inclusion, the shielding gas can be affected by wind. 



Figure 15-5 Illustration of Gas Tungsten Arc Welding 

15.2.6 Welding Parameters 

The quality of a weld will depend on the choice of the welding process, the 
welder’s skills and the welding parameters, which include: weld joint design, 
welding position, fixture, weld backing, composition of filler metal and flux, type 
of electrode, electrode diameter, welding current (ac, dc, polarity), arc length 
(electrode-work gap), travel speed, welding technique (oscillatory weave or 
straight stringer, arc starting and stopping), arc voltage, shielding gas flow, pre¬ 
heat, inter-pass temperature control, and post-weld heat treatment. Example of 
TIG welding parameters: 

Thickness 0.25” 

Joint 37.5° V bevel 

Current 100 amps 
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Polarity DC electrode negative 

Voltage 12 volts 

Filler metal ER70S-3 (carbon steel), ER308 (stainless steel) 

Filler size 3/32 

Shielding gas Welding grade Argon 

Flow rate 5 ft 3 /hr (carbon steel) 20 ft 3 /hr (stainless steel) 

Nozzle size 3/8” 

Nozzle-pipe distance 0.5” 

Preheat ASME B31.3 = 50°F minimum with Su < 60 ksi 

Post-Weld Heat ASME B31.3 = none for 0.25” wall 
Welding positions Flat, horizontal, vertical, overhead 


15.2.7 Gas Purging 

When making the root pass in alloy steels or non-ferrous alloys, the air con¬ 
tained in the pipe tends to form oxides, hard spots, cracks and porosities. To avoid 
these problems, the air is purged from inside the pipe with argon, helium or nitro¬ 
gen. Nitrogen purging is also used to avoid surface discoloration in stainless steel 
welds. 


15.2.8 Mechanized Welding 

Mechanized welding (automatic or semiautomatic) is commonly used for 
repetitive welding of large diameter pipe, such as in the case of oil or gas pipe¬ 
lines. Five pass welds in a 36” diameter, 0.5” wall pipeline are reported to be ac¬ 
complished three times faster with mechanized welding than with manual stick 
welding [Share]. 


15.3 WELD DEFECTS 


15.3.1 Weld Metallurgy 

Chapter 3l addressed the metallurgy of steel, and the formation of grains 
while cooling molten metal. A similar process takes place in a weld, where the 
molten weld pool consists of the molten base metal and filler metal, if used. The 
solidified molten metal is the weld itself. 

The weld is a mini casting with the molten metal poured into the weld bevel. 
The adjacent base metal, heated to the point of changing its microstructure but not 
to the point of melting, is the heat-affected zone (HAZ). 

Beyond the HAZ is the parent metal, which is unaffected by the weld proc¬ 
ess. A weldment therefore exhibits three distinct microstructures: the weld itself (a 
cast microstructure, with weld grains elongated in the direction of the heat flux 
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created while the weld pool solidifies), the heat affected zone (typically larger 
grains that have been altered by the heat of the welding process), and the base 
metal (unaffected by the weld process). 

Microstructure, grain size and mechanical properties are controlled by the 
welding technique and parameters, the automatic heat treatment provided by sub¬ 
sequent passes and the heating and cooling rate, and can therefore be influenced 
by preheat and post-weld heat treatment. 

All welds contain discontinuities (indications) detectable by surface or 
volumetric examination techniques. Where these discontinuities exceed a certain 
size specified by construction or welding standards, such as API 1104 or ASME 
B31, these discontinuities are labeled defects or flaws. Figure 15-6 illustrates 
common weld indications: (a) lack of penetration where the two pipe ends have 
not fused completely through the thickness, (b) gas porosities or non-metallic or 
oxide inclusions, (c) root concavity or undercut that may be blunt or sharp, (d) 
excessive penetration or projection and splatter of metal into the pipe, (e) cracks 
and sharp crack-like flaws, (f) lack of fusion between consecutive weld passes or 
between the weld and the adjacent base metal (lack of side wall fusion). Examina¬ 
tion techniques used to detect these indications and acceptance criteria are dis¬ 
cussed in i Chapter 161 




(b) 





(f) 


Figure 15-6 Indications in Pipe Welds 
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15.3.2 Porosities 

Porosities are gas pockets or voids trapped in the weld metal If Figure 15^ 


6(b)). For example, porosities can form if atmospheric oxygen mixes with the 
molten steel to form bubbles of CO gas. This can be prevented by the presence of 
deoxidizing elements such as silicon or aluminum that tend to deplete the oxygen 
available for the formation of CO by forming their own oxides Si0 2 or A1 2 0 3 . The 
weld area and therefore its strength are reduced by the presence of porosities, but 
too much silicon or aluminum also reduces the strength and toughness of steel. 

15.3.3 Cracks 


Cracks are sharp fractures in the weldment (Figure 15-6(e)) They can be 
formed during the welding process (hot cracks), or can be delayed, appearing 
hours or days after the weld is completed (cold cracks). 


15.3.3.1 Hot Cracking 

Hot cracking can be caused by chemical compounds with a low melting 
temperature (such as iron sulfides) that are swept towards the grain boundary dur¬ 
ing the cooling process, causing intergranular cracks, particularly in coarse grain 
welds. Hot cracking can also form in deep weld beads as the center of the weld 
pool solidifies last and is pulled apart by the adjacent contracting metal. 

15.3.3.2 Delayed Cracking 

Delayed cracking can be caused by a combination of three adverse condi¬ 
tions: (1) large tensile stresses in the weld, (2) local hard martensite spots or inclu¬ 
sions, and (3) gas diffusion in the steel. A classical case of delayed cracking in 
welds is hydrogen cracking. In this case, water vapor (humidity) in the atmosphere 
or in the filler metal is decomposed into oxygen and hydrogen during welding. 
The hydrogen is adsorbed into the carbon steel weld pool and diffuses in the solid 
austenite formed as the steel starts to cool. But as cooling continues, the austenite 
transforms to ferrite and carbide where the hydrogen is much less soluble. If 
cooling is too rapid, the hydrogen is locked in the steel, diffuses and concentrates 
forming cracks in the weld, often times many hours after the weld has been com¬ 
pleted (delayed cracking). This cracking takes place in zones of high hardness 
where the weld is more brittle, and where the weld is subject to tensile stresses that 
tend to open the crack lips. Where the presence of hydrogen can not be excluded, 
it may be necessary to volumetrically examine the weld for hydrogen induced 
cracking, at the time of welding and again several hours after welding. Low hy¬ 
drogen electrodes, stored above 250°F (to keep them moisture free) are required 
where hydrogen induced cracking is a concern. 
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15.3.4 Inclusions 


Inclusions are non-metallic particles (such as tungsten from a TIG elec¬ 
trode), slag, impurity or oxide trapped in the weld (Figure 15-6(b)) Because the 
melting point of oxides is higher than base metal, they form inclusions in the weld. 
On the other hand, oxides or carbides with a high melting point act as nuclei for 
grain growth, and therefore lead to the formation of a large number of smaller 
grains, acting as grain refiners. Other grain refiners include aluminum, nitrogen, 
vanadium and zirconium. 


15.3.5 Root Concavity and Undercut 

Root concavity fFigure 15-6(c)t is a recess in the weld root and an undercut 
is a recess at the edge of the weld bead, either on the pipe inner or outer diameter. 
They are often a consequence of inappropriate welding parameters or technique. A 
root concavity and an undercut reduce the cross sectional area of the weld metal. 
An undercut also acts as a stress riser or as a corrosion crevice. 


15.3.6 Incomplete Penetration 

An incomplete penetration (or lack of penetration) occurs if the first weld 
pass d oes not fully penetrate the pipe wall to melt its inner diameter (Figure 1 5^1 
l6fatfl Looking at the completed weld from the inside, the edge of the inner di¬ 
ameter weld bevels would still be visible, not fused. An incomplete penetration 
reduces the weld cross section (its strength), acts as a stress riser (it is actually a 
circumferential crack), behaves as a corrosion crevice, and could cause local tur¬ 
bulence of the flow stream. 


15.3.7 Lack of Fusion 


Lack of fusion (or incomplete fusion) takes place when, locally, the weld 


process does not fuse the parent metal or the previous weld pass |(Figure 15-6(f)) 
A lack of fusion acts as an embedded crack. 


15.3.8 Shrinkage 

Girth welds cause the pipe to shrink longitudinally by approximately 1/8” 
and to peak (angular misalignment). Shrinkage and distortion can be minimized by 
controlling fit-up and tack welding, by reducing the root opening and the number 
of weld passes, by increasing the weld speed, and by optimizing the weld se¬ 
quence. On large diameter cylinders, particularly vessels and tanks, it may be nec¬ 
essary to restrain the part during welding to avoid distortion. This can be done by 
placing radial beams inside the vessel. The welds may have to be progressively 
stress relieved afterwards to reduce residual stresses caused by these constraints. 
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15.4 CODES, STANDARDS AND PRACTICE 


15.4.1 ASME B31 and AP11104 

The requirements for welding piping systems and pipelines are specified in 
the applicable ASME B31 code, API 1104 for pipelines, ASME Boiler & Pressure 
Vessel Code Section III for nuclear power plant piping, and NBIC NB-23 for re¬ 
pairs. These codes address the following key requirements: 

(a) Weld type: with few exceptions, full penetration butt welds are the standard 
practice for girth welds and branch to header welds. Fillet welds are used for 
socket fittings, slip-on flanges and external attachments. 

(b) Weld size: full penetration welds have a depth equal to the pipe wall thickness. 
Minimum dimensions of fillet welds are explicitly specified in the applicable 
ASME B31 code. 

(c) Welding process: typically, most qualified welding process or combination of 
processes which produce welds that meet the procedure qualification requirements 
are acceptable. In practice, arc welding is the preferred welding process for piping 
and pipelines. 

(d) Qualifications: the qualification of welders and weld procedures (Welding Pro¬ 
cedure Specifications WPS, Procedure Qualification Record PQR) follow either 
the rules of ASME Boiler & Pressure Vessel code Section IX (typical for power 
and chemical process applications) or API 1104 (typical for pipeline applications), 
as specified in the applicable ASME B31 code section. 

(e) Weld end preparation: the ASME B31 codes will typically address weld bevel 
profile (U, V or J, single or double groove, angle, flat landing), alignment, root 
gap, backing rings, transition and mismatch. 

(f) Pre-heat and post-weld heat treatment: minimum pre-welding temperatures and 
post-weld heat treatment (PWHT) temperature, hold time and heating and cooling 
rate are typically specified as a function of pipe material (P group number or 
chemistry), wall thickness, and in some cases ultimate strength. The heating 
method and means of control are left to the user, and can be accomplished by 
electric induction, electric resistance jacket, fuel fired ring burners, fuel fired torch, 
furnace, etc. For certain piping alloys in chemical process applications, PWHT is 
required to be followed by hardness testing to verify the efficiency of the heat 
treatment process (soundness of the microstructure and adequate toughness) 
[ASME B31.3, API 582]. 
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(g) Choice of welding consumables: Guidance for the selection of consumables 
(filler metal) is provided in welding standards [ASME OM, API 582, AWS], 

15 . 4.2 American Welding Society 

The AWS multi-volume Welding Handbook is a comprehensive treatment 
of the art and technology of welding [AWS]. It includes: 

Volume 1 - Fundamentals of Welding 
Volumes 2 and 3 - Welding Processes 
Volume 4 - Engineering Applications - Materials 
Volume 5 - Engineering Applications - Design 

The welding of structural (non-pressure boundary) members typically com¬ 
plies with either AWS Dl.l or AWS D1.6. The American Welding Society 
(AWS) standards of interest to welding piping and pipelines include: 

AWS A 3.0 - Welding terms and definitions, including terms for brazing, solder¬ 
ing, thermal spraying and thermal cutting. 

AWS A 5.01 - Filler metal procurement guidelines. 

AWS A 5.XX - Series of filler metal specifications. 

AWS Dl.l - Structural welding code - steel. 

AWS D1.6 - Structural welding code - stainless steel. 

AWS D 10.4 - Recommended practices for welding austenitic Cr-Ni stainless steel 
piping and tubing. 

AWS D 10.6 - Recommended practices for gas tungsten arc welding of titanium 
pipe and tubing. 

AWS D 10.7 - Recommended practices for gas shielded arc welding of aluminum 
and Aluminum alloy pipe. 

AWS D 10.8 - Recommended practices for welding of Cr-Mo steel piping and 
tubing. 

AWS D 10.9 - Specification for qualification of welding procedures and welders 
for piping and tubing. 

AWS D 10.10 - Recommended practices for local heating of welds in piping and 
tubing. 

AWS D 10.11 - Recommended practices for root pass welding of pipe without 
backing. 

AWS D 10.12 - Recommended practices and procedures for welding low carbon 
steel pipe. 

AWS D 10.13 - Recommended practices for brazing of copper pipe and tubing for 
medical gas systems. 
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15.4.3 Electrode Nomenclature 


The nomenclature for weld electrode is defined in AWS standards. By ne¬ 
cessity, it is rather complex since it must reflect many different parameters. The 
following examples illustrate this point: 

E7018-A1 (SMAW): E = electrode, 70 = 70 ksi ultimate strength, 1 = all posi¬ 
tions, 18 = AC or DC current, low H powder cover, A1 = C-Mo steel electrode. 

F7P6-EM12K (SAW): F = flux, 7 = 70 ksi ultimate strength, P - PWHT (1150°F 
1 hr.), 6 = Charpy toughness > 20 ft-lb at - 60°F, E = electrode, M = medium 
manganese, 12 = 0.12% nominal carbon, K = Silicon killed molten steel. 

ER-70S-2 (GMAW or GTAW): E = electrode, R = rod, 70 = 70 ksi ultimate 
strength, S = bare, solid electrode, 2 = composition per AWS. 

E70T-1 (FCAW): E = electrode, 70 = 70 ksi ultimate strength, 0 = flat position, T 
= tubular flux core electrode, 1 = C0 2 shielding, spray transfer mode, DC current, 
electrode +. 

15.4.4 Welder and Weld Procedure Qualification 

The quality of welding has greatly improved over the years not only because 
of improvements in technology but also because of the better skills and qualifica¬ 
tions of welders. The complaint in 1935 was that “this particular method of fabri¬ 
cation [welding] was frowned upon by the various rating societies, mainly because 
of the Board of Trade’s prohibitions concerning the use of this process in the 
making of longitudinal joints for steam boilers. Failures in pressure vessels had 
contributed in no small measure to the widespread suspicion surrounding the 
welding process applied to pressure vessels, and this could be readily understood 
when one remembers that anyone could buy a welding set and call himself a 
welder. As one commentator recently put it: There is nothing to prevent a cook, 
having discovered a new method of boiling hams, from going to such a person and 
having a vessel constructed which would be a danger not only to himself but to 
every other person who came in contact with it” [Davy]. 

Today, welders and welding procedures undergo a stringent qualification 
process. A weld procedure specification documents the essential variables of the 
welding process, including [API 1104]: weld process, pipe or fitting material, di¬ 
ameter and wall thickness, joint design (weld end preparation), filler metal and 
number of beads, shielding gas or flux, electrical or arc characteristics, travel 
speed, position and welding direction, pre-heat, and time between passes. To re¬ 
duce the number of weld procedure qualifications, base metals and electrodes or 
welding rods are grouped into P groups (base metal) or F groups (electrodes and 
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welding rods). One procedure qualification would apply to all materials within a 
group. The P groupings are listed in Table 15-2. 

Table 15-2 P Numbers and Groupings for Base Metals __ 

P No.l Group 1 - Carbon steels Su = 40 to 70 ksi 

Group 2 - C-Mn, C-Si, C-Mn-Si steels Su = 70 to 75 ksi 
Group 3 - C-Mn-Si steel Su to 80 ksi 
P No.3 Group 1 - Steel Cr > 0.75%, alloy < 2%, Su = 50 to 65 ksi 
Group 2 - P No.3 Group 1 but with Su = 70 to 75 ksi 
Group 3 - Steel Mn-Mo, Mn-Mo-Si, Ni-Mo-Cr-V, Su 80 to 90 ksi 
P No.4 Group I - Steel Cr = 0.75 to 2%, alloy < 3%. Su = 60 to 75 ksi 
Group 2 - Steel with Cr, Cu, Ni, Al, Mo, alloy < 3%, Su > 60 ksi 
P No.5 Group 1 - Steel, Cr-Mo, alloy < 5%, Su = 60 to 75 ksi 

Group 2 - Steel, Cr-Mo, alloy < 10%, Su = 60 to 100 ksi 
P No.6 Group 1 - Martensitic, 11-13% Cr stainless Su = 60 to 70 ksi 
Group 2 - Martensitic, 12-17% Cr stainless 
Group 3 - martensitic, Cr, Cr-Mo, Cr-Mo-Ni 
Group 4 - 13% Cr - 4% Ni castings 
P No.7 Group 1 - Ferritic, 11 -13% Cr 
Group 2 - Ferritic, 17-18% Cr 
P No.8 Group 1 - Austenitic stainless steel 

Group 3 - 17%-20% Cr - 4%-6% Ni - 6%-9% Mn 
P No. 9A Group 1 - Ni steels, 2.5% Ni max. 

P No. 9B Group 1 - Ni steels, 3.5% Ni max. 

P No.lOA Group 1 - Mn-V steels 
P No. 10B Group 2 - Cr-V tubes 
P No. 10C Group 3 - Cr-Mn-Si plate 
P No. 10D Group 4 - 20% Cr - 1% Cu tubes 
P No. 10B Group 5 - 26%-27% Cr alloys 
P No. 1 OF Group 6 - Mn-Mo-V, Mn-Cr, Mo-V alloys 
PNo.lOG Group 7-36% Ni 
P No. 10H Group 8 - 18%Cr-5%Ni-3% Mo alloys 
P No. 101 Group 9 - 2 6%Cr - 1 %Mo alloys 
P No. 11A Group 1 - 8-9% Ni alloys 
Group 2 - 5%Ni -Mo alloys 
Group 3 - Casings Ni-Cr-Mo-V 
Group 4 - Mn-Mo, Mn-Mo-Ni 
P No.21 Al alloys Su = 8 to 18 ksi 

P No. 22 Al alloys Su = 20 to 32 ksi 

P No. 23 Al alloys with Si 

P No. 25 Al alloys with Su = 33 to 45 ksi 

P No. 31 Cu alloys with Su = 30 to 45 ksi 

P No. 32 Cu alloys with Su = 40 to 50 ksi 

P No. 33 Cu alloys with Si 
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P No. 34 

Cu alloys with Ni 

P No. 35 

Bronze 

PNo. 41 

Ni 

P No. 42 

Ni-Cu alloys 

P No.43 

Ni-Cr-Fe, Ni-Cr-Mo-Cb, Ni-Cr-Fe-Mo 

P No.44 

Ni-Mo, Ni-Cr-Mo alloys 

P No.45 

Ni-Cr-Fe, Ni-Fe-Cr-Mo-Cu, Ni-Fe-Cr-Si alloys 

PNo.51 

Ti with Su = 35 to 50 ksi 

P No. 52 

Ti with Su - 65 ksi min. 

PNo.61 

Zr 


Samples of completed welds are destructively tested after heat treatment 
where required by the construction code [API 1104]. Tests include a tensile test to 
verify that the weld is stronger than the minimum base metal tensile strength, a 
break test on a notched weld to verily the soundness of the broken weld face, and 
a bend test to verify the ductility of the weld (no cracks after bending the weld 
specimen in a U shape). In some cases, where permitted by the welding code, ra¬ 
diography is substituted for destructive testing. 

15.5 POST-WELD HEAT TREATMENT 

Various post-weld heat treatments are applied to a weld in order to improve 
microstructure, mechanical properties, resistance to corrosion, resistance to envi¬ 
ronmental cracking, and reduce residual stresses (Figure 15-7). For shop and filed 
girth and fillet welds, ASME B31.1 and B31.3 impose post-weld heat treatment on 
the basis of the material (P group number), wall thickness, carbon content and 
ultimate strength. The pipeline codes ASME B31.4 and B31.8 inpose post-weld 
heat treatment on the basis of carbon, carbon equivalent and wall thickness. 



Figure 15-7 Post-Weld Heat Treatment 
Left to Right: Stress Relieving, Normalizing, Annealing 
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Stress Relief: heating below the critical temperature (the phase transforma¬ 
tion tempera ture, for exam ple the ferritic-austenitic transformation temperature in 
carbon steel, Figure 3-5) Holding the temperature long enough to reduce residual 
stresses and then cooling slowly. Stress relieving reduces residual stresses, and 
generally improves ductility and toughness, and reduces fabrication distortions. 


Normalizing (heating above approximately 1550°F, then cooling in still air): 
“heating a steel object to a suitable temperature above the transformation range 
and then cooling it in air to a temperature substantially below the transformation 
range” [ASTM A 941]. Normalizing achieves specified mechanical properties, 
improves ductility, and homogenizes the material. 


Annealing (normalizing but with furnace cooling): “a generic term covering 
any of several heat treatments” [ASTM A 941], The objectives of annealing in¬ 
clude reducing hardness, facilitating machining and cold working, producing a 
desired microstructure, or desired mechanical properties. 


Quenching (rapid cooling in oil or water): “rapid cooling” [ASTM A 941]. 
Quenching hardens the steel, but at the expense of a loss of ductility. 

Solution annealing: “Heating to and holding at a suitable temperature to 
place constituents into solid solution, and then cooling rapidly to hold the constitu¬ 
ent in solution” [ASTM A 941]. Typical heat treatment for austenitic stainless 
steel to place chromium into solution and then cooling rapidly to avoid the pre¬ 
cipitation of chromium carbides. 

Tempering (stress relieving after quenching or normalizing): “reheating a 
quench hardened or normalized steel object to a temperature below the transfor¬ 
mation range, and then cooling at any desired rate” [ASTM A 941], The objective 
of tempering is to restore ductility to steel. 

Case Hardening and carbonizing (carburization): Heating carbon steel above 
the critical temperature in a carbon rich environment. The carbon adsorbed on the 
surface makes it harder without reducing the ductility of the inner metal. 


15.6 IN-SERVICE WELDING 

It may become necessary to weld on a piping system or pipeline while the 
line is in service, flowing a liquid or a gas. This is the case for example when 
mak ing a hot tap, or when depositing a weld overlay to repair a flaw in the pipe 
wall liChapter 23 1 [API 1107, API 2201], In addition to the usual parameters and 


Copyright © 2003 by Marcel Dekker, Inc. All Rights Reserved. 





cautions considered when welding on an empty pipe, cracking and bum-through 
are two key concerns when welding in-service. 

There are three keys to avoid cracking when welding on in-service steel 
pipe: (1) avoid hard spots (martensite) which are the source of hydrogen cracking, 
(2) reduce the risk of intake of hydrogen, and (3) reduce tensile stress. To avoid 
the formation of martensite, the weld must be cooled slowly; therefore, the heat 
input should not be too low, a small hot spot will cool too quickly, particularly 
with the rapid cooling effect of the flowing fluid. To reduce the risk of hydrogen 
intake, it is necessary to use low hydrogen electrodes and it may also be necessary 
to pre-heat the in-service pipe to reduce moisture. To reduce tensile stresses, it is 
often necessary to reduce the operating pressure while welding in order to reduce 
the tensile hoop stress PD / (2t). 

Reducing the operating pressure also reduces the risk of bum-through and 
blow-out. It is also useful to have some flow in the line, because if the fluid in the 
line is not flowing, the weld heat will increase the pressure of the trapped fluid to a 
potentially dangerous level. The heat input must be kept sufficiently low. If the 
heat input is too large, the weld will bum through the pipe wall, and fluid will 
burst out under the effect of internal pressure. It is therefore preferable to use a 
small electrode (3/32” or less for the first pass [API 2201]) on wall thickness be¬ 
low 0.5”. We can see that the heat input must therefore be qualified to a near op¬ 
timum level, not too low to avoid hydrogen cracking, and not too high to avoid 
bum-through. In conclusion, before welding in service, it is essential to (1) know 
the chemistry of the in-service pipe to assure compatible weld procedure and filler, 
(2) know the thickness of the in-service pipe to qualify the welder and the welding 
procedure to the same thickness, (3) know the fluid pressure and flow rate to select 
the heat input accordingly. 

15.7 SURFACING TECHNIQUES 

Surfacing consists in depositing weld metal on the surface of a base metal, 
in order to achieve one of several objectives: 

(a) Cladding: deposition of a corrosion resistant alloy on a less costly base metal 
(for example nickel alloy on carbon steel). 

(b) Hardfacing: deposition of a hard metal (erosion resistance) on a softer base 
metal. 

(c) Overlay: deposition of a filler metal to replace wall thickness lost by corrosion. 
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(d) Buttering: deposition of a filler metal in preparation for welding. For example 
buttering of stainless steel on a carbon steel part in preparation for welding to a 
new stainless steel component. 

(e) Spraying: Particles of molten metal wire are sprayed on the surface of the par¬ 
ent metal using an oxyfuel gun. The sprayed surface is then machined or ground to 
the required surface finish. 
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16 

Examination 


16.1 VISUAL EXAMINATION 

In the ASME piping and pipeline codes, examination refers to the actual act 
of examining materials, components or joints. It is the quality control function 
(QC). Inspection refers to the verification of activities or documentation. It is the 
quality assurance function (QA), the oversight. But in practice these words are 
often used interchangeably. 

Of all the examination techniques, visual examination appears to be the 
simplest, only requiring lighting and a good pair of eyes. In reality, visual examin¬ 
ers must be experienced in many aspects of fabrication, welding and degradation 
mechanisms, to be able to judge what they see and to call upon additional exami¬ 
nation techniques if they detect anomalies. Examiners are classified in increasing 
order of qualification from VT-1 to VT-3. 

Visual examination is used to detect surface defects of base material such as 
casting porosities, surface fabrication defects such as weld bum through, excessive 
reinforcement, undercut, root concavity, misalignment, workmanship and visible 
in-service degradation such as wear, general and local corrosion, pitting, erosion, 
and large surface cracks. 

Pipe Fabrication Institute standard ES-27 [PFI] defines visual examination 
as examination with the “unaided eye”, other than the use of corrective lenses, 
within 24”. A broader definition would include the use of a magnifying glass or 
remote examination with borescope or camera snaked into the pipe or equipment. 
The shortcomings of visual examination are evident: it is limited to the compo¬ 
nent’s surface, it requires visual access to the surface, directly or remotely, and it 
requires an experienced inspector. Visual examination may also be limited by 
lighting. A light meter can be used to measure the light intensity. Detailed exami- 
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nations may require twice the light intensity needed for general visual examina¬ 
tion. 


The tools used for visual inspections include ruler, tape, micrometer, gages, 
7i tape to measure pipe size, dial indicator, mirrors, flash light, illuminated magni¬ 
fier, borescope, fiber optic scope, etc. 

Historically, visual examination was relied upon in the first issue of the 
ASME Boiler Code, in 1915, to verify that boilers were “free of injurious effects” 
and were of good “workmanship” [Cross], In the 1920’s, a remote viewing in¬ 
strument started to be used for the inspection of cannon bores, and came to be 
known as borescope. Today, remote visual examinations using fiber optics and 
crawlers have been adapted to a multitude of field conditions. 

16.2 MAGNETIC PARTICLES TESTING 

In magnetic particle testing (MT) a magnetic field is created on the surface 
of the part. A yoke is typically used for the examination of piping. The magnetic 
field is induced by a horseshoe yoke magnetized by ac current circulating in 
wound coils. The yoke is placed in contact with the pipe surface, generating mag¬ 
netic lines of force in the pipe, as shown in Figure 16-1. A powder (dry method) or 
solution (wet method) of magnetic particles is dispersed on the surface. The mag¬ 
netic particles orient themselves along the magnetic lines. Surface discontinuities 
become visible as the magnetic lines appear disturbed [Huber]. 



Figure 16-1 Magnetic Particle Testing Using a Yoke 
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Other methods of magnetization include the head shot, the longitudinal field 
and the prod methods. In the case of a head shot, current is passed straight through 
the part, inducing a circular magnetic field around the part. The longitudinal field 
method is the reverse of the head shot method. Here, the current passes in a wire 
wound around the part and a longitudinal field is generated in the part. The last 
magnetization method, the prod method consists in placing two conductors in 
contact with the part, and passing a dc current through the part. 

Magnetic particles testing is used to detect surface or near surface defects or 
flaws, including base material flaws such as casting porosities and hot tears, sur¬ 
face cracks, laps and seams in forgings; fabrication flaws, such as surface cracks 
and incomplete penetration; or in-service degradation such as surface cracks. 

The advantages of MT: it can detect subsurface flaws, the flaw does not 
have to be open (for example, cracks can be filled with rust), and it is protable. 

The shortcomings of MT: it is a surface and near surface examination tech¬ 
nique, it applies only to ferromagnetic materials, such as carbon steel but not aus¬ 
tenitic stainless steel. Discontinuities are better detected if perpendicular to the 
field, and it therefore becomes necessary to take readings with the magnet placed 
in at least two perpendicular directions. The surface examined must be smooth to 
permit the free flow of magnetic particles. The part may have to be demagnetized. 
The method does not generate a permanent record. Typically, ac wet methods are 
suited for shallow surface cracks, while dry dc methods are suited for detecting 
subsurface discontinuities. With non-fluorescent particle examination, it is neces¬ 
sary to have a minimum light intensity. 

Magnetic particle testing was first attempted in the 1920’s. The technique 
was introduced into the 1931 ASME Code as a supplement to radiographic testing. 
The applicable standards are ASME B&PV Section V Article 7, ASTM E 269, 
and ASTM E 709. 

16.3 LIQUID PENETRANT TESTING 

In liquid penetrant testing (PT) the surface to be examined is cleaned and 
dried by forced hot air or si mply by atmo spheric drying. A penetrant is applied 
to the surface, as shown in Figure 16-2. The penetrant is either a visible dye, 
usually red, or a fluorescent dye that glows under ultraviolet or black light. The 
dye is left to soak for a period of time, called dwell time, typically 10 to 15 min¬ 
utes for steel, as shown in Figure 16-2, top view. Excess penetrant is then re¬ 
moved using a rag lightly sprayed with remover (for solvent removable pene¬ 
trant) or with water (for water washable penetrant), as shown in Figure 16-2, 
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middle view. A contrasting spray or powder developer is then applied to draw 
the penetrant into the developer layer by capillary action, as shown in Figure 16- 
2, bottom view. The capillary suction of the developer must overcome the cap¬ 
illary retention of the crack. 

The method detects surface flaws. These include: Base material flaws such 
as casting porosities and hot tears, surface cracks, laps and seams in forgings, fab¬ 
rication flaws such as surface cracks, incomplete penetration and porosity, or in- 
service degradation such as pitting, local corrosion, and surface cracks. 

The advantages of PT: it is very sensitive to surface cracks, it can be used on 
uneven surfaces (nozzles, fillet welds, bolt threads, etc.). It is portable and rela¬ 
tively simple to apply. 

The shortcomings of PT: it is a surface examination method and is affected 
by surface cleanliness, roughness or porosity. It leaves no permanent record. The 
flaw must be able to accumulate penetrant by capillary action, and must therefore 
be open to the surface. If the flaw is filled with dirt or oxide, it may not be de¬ 
tected. The surface must be cleaned after penetrant application. Cleaning may be 
achieved by vapor degreasing or by chemical means [Grendahl, Siegel], 

Historically, colored dyes were first used as liquid penetrant in 1938. Fluo¬ 
rescent dyes, fust used in advertising in the 1930’s, were patented as penetrant in 
the early 1940’s. The applicable standards are ASME B&PV Section V Article 6, 
ASTM E 165, ASTM E 260, and ASTM E 433 and ASTM E 1417 (replacing 
MIL-STD-6866). 




Figure 16-2 Liquid Penetrant Testing 
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16.4 RADIOGRAPHIC TESTING 


In radiographic testing (RT) a source of X-rays or gamma-rays (from radio¬ 
active elements such as Iridium 192, or Cobalt 60) is placed on one side of the 
specimen or pipe wall, and a film or a fluoroscope (for real time examination) is 
placed on the opposite face, as close as possible to the wall. 

There are many ways of placing source and film, as illustrated in Figure 16- 
3. Whether X-rays or gamma rays are used, the radiation energy and radiographic 
techniques must achieve a specified quality of resolution. Current developments 
are in the area of filmless radiography (instant radiographic imaging) where the 
radiographic image is captured on a phosphor screen then stored on a digital file 
for immediate viewing and filing. 

Radiographic testing equipment is calibrated using a penetrameter with a 
thickness of about T - 2% t where t is the thickness of the weld to be examined, 
and with holes with diameter IT, 2T and 4T. For example a “2-2T ’ penetrameter 
has a thickness of T = 2% t and a 2T hole. Real-time non-film radiography has a 
sensitivity in the order of 2%-2T. 



Figure 16-3 Source and Film Arrangements for Radiographic Testing 

The advantages of RT: it is effective for detecting surface and volumetric 
flaws, including base material flaws such as inclusions and porosities, fabrication 
flaws such as excessive reinforcement, undercut, incomplete penetration, concav¬ 
ity, porosity, inclusion or in-service degradation such as pitting, local corrosion, 
and cracks. It results in a permanent radiographic film record. 
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The shortcomings of RT: because of the use of radioactive materials or X- 
rays, radiographic testing requires special precautions such as evacuating and 
roping off the area. Radiographic testing requires access to two sides of the pipe 
wall. If the shape of the specimen is too irregular, it becomes practically impossi¬ 
ble to decipher the radiography; this is the case, for example, at pipe branch welds. 
RT can locate a crack-like flaw and show its length, but not its depth. 

The first reports of the use of X-rays for the examination of weld joints go 
back to the 1920’s where radiography was used in shipbuilding. In 1930, it was 
used in boiler fabrication shops and, in 1931, it was introduced into the ASME 
Code. It is the most widely used volumetric inspection technique for pipe butt 
welds. The applicable standards are ASME B&PV Section V Article 2, ASTM E 
94, ASTM E 142, ASTM E 242, ASTM E 747, ASTM E 999, ASTM E 1025, 
ASTM E 1030, and ASTM E 1079. 


16.5 ULTRASONIC TESTING 


In ultrasonic testi ng (UT) the surface to be examined is cleaned and made 
smooth. A couplant (C, Figure 16-4) is applied to the surface and a transducer (T, 
Figure 16-4) is placed over the couplant. For angle beam examination a solid 
wedge (W, Figure 16-4) is used to set a fixed beam angle. The transducer emits 
ultrasonic waves, which are waves with a frequency between 20,000 Hz and 2010 6 
Hz. Note that subsonic waves have a frequency range below 20 Hz, while sonic 
waves have a frequency between 20 Hz and 20,000 Hz. The waves emitted by the 
transducer are either normal to the surface (straight beam) to check wall thickness 
and detect flaws, or at an angle (angle beam) to detect flaws and particularly 
cracks. Reflected waves (the pulse echo) indicate the presence of a reflector also 
referred to as indication [ASTM E 500, Blitz, Carlin, Frederick, McGonagel], The 
amplitude and timing of the ultrasonic echo characterizes the size and depth of the 
indication. 


Another UT technique is through-transmission or time of flight diffraction 
(TOFD). In this case, a discontinuity is detected from the change in amplitude of 
the ultrasonic wave emitted by a transmitting transducer and collected by a re¬ 
ceiving unit. 

UT results can be represented as A-scans (distance or time plotted against 
amplitude of signal, this is typically the raw signal on the UT instrument’s CRT 
screen), B-scans (longitudinal cross section of the wall showing the wall thinning 
profile), or C-scans (plan view of wall thinning showing contour lines of equal 
wall thickness). 
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UT can also be used for other non-destructive examinations, such as 
measuring the embedment depth of anchor bolts (by shooting a straight beam 
from the bolt head down to the bolt tip) or measuring the fill height of pipes or 
tanks. 


The advantages of UT: only one side of the component must be accessed, 
it measures the length and depth of a crack-like flaw, and by use of different 
beam angles it can be used complex shapes. 

The shortcomings of UT: it is not easy to use on complex shapes, it re¬ 
quires a smooth surface and a couplant. Because the transducer covers only a 
small area, it takes time to scan a large component. Also, multiple flaws may 
hide each other. UT requires skill and experience. It does not leave a direct per¬ 
manent record. 



Figure 16-4 Angle Beam UT Wedge (W), Transducer (T), Couplant (C) 

Ultrasonic testing is also commonly used for in-service inspection of piping 
wall thickness and service induced degradation such as cracks and blisters. With 
the right tools, three-dimensional information can be obtained and plotted to help 
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understand the wall-thinning pattern [Share], On-stream (in-service) wall thick¬ 
ness inspections using UT have been done at temperatures up to 1000°F. 

Ultrasonic testing dates back to 1929, when Russian engineer Sokolov used 
ultrasonic waves to measure the wall thickness of metals. The method was pat¬ 
ented in Germany in 1931, and further improved and patented in 1940 in the 
United States. Straight beams were applied for the examination of welds around 
1945, and angle beams started to be used in 1947. The applicable standards are 
ASME B&PV Section V Articles 4 (in-service examination) and Article 5 (ex¬ 
amination of materials and fabrication), ASTM E 114, ASTM E 164, ASTM E 
213, ASTM E 428, ASTM E 500, and ASTM E 797. 

16.6 EDDY CURRENT TESTING 

In eddy current testing (ET) a high frequency current is applied to a probe or 
encircling coils. Eddy currents are generated in the specimen which, in turn, affect 
the primary current. The presence of a flaw or a change in wall thickness will be 
detected by a disturbance of the current. Eddy currents are used to detect surface 
or near surface flaws. 

The depth of penetration depends on the metal and the frequency of the 
magnetizing current. Eddy currents at frequencies of 100 Hz to 10 kHz can detect 
surface cracks. At 10 kHz to 6 MHz ET can also detect subsurface flaws [ASM], 
ET is commonly used for the examination of heat exchanger tubes during manu¬ 
facture or at outages. Eddy currents can also be used to measure grain size, heat 
treatment and hardness. Eddy current testing requires experienced operators to 
apply the technique and interpret its results because ET is sensitive to changes in 
thickness of the pipe wall or weld, surface roughness and calibration. 

The applicable standards are ASME B&PV Section V Article 8 and ASTM 
E 243. Low frequency, deeply penetrating pulsed eddy currents are used to meas¬ 
ure wall thinning under insulation [Cohn], Changes in wall thickness can be de¬ 
tected on pipe wall thickness from 0.3" to 1.5", with an accuracy in the order of a 
few mils. This ability to measure wall thickness while the line is in-service and 
without removing insulation can lead to significant cost savings. 

16.7 ACOUSTIC EMISSION TESTING 

In acoustic emission testing (AE) piezoelectric sensors are placed in contact 
with the pipe, which is then pressurized. The internal pressure causes tensile 
stresses in the pipe wall, which tend to open existing cracks. The sensors can de¬ 
tect stress waves from propagating cracks or from plastic deformation. The signal 
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is sent to an amplifier and analyzer. Using several sensors, the source of stress 
waves can be located by triangulation of the arrival signal time. 

The method can be applied to detect crack growth during pressure testing; it 
can also be used to locate loose parts, leaks, cavitation in liquids, or to study the 
stressing of fiberglass materials. 

Acoustic emission testing requires contact with the pipe and an applied 
stress, typically from hydrostatic test pressure. The applied stress must be in the 
right direction to cause a crack to emit a signal. The pressure must also be suffi¬ 
ciently large to challenge the crack, without leading to failure. Precautions must 
be in place to avoid measuring background waves or external disturbances. AE 
is used in the first pressurization of the component; subsequent pressurization to 
the same pressure may not emit significant acoustic signals. Ambient noise must 
be filtered out. 

Acoustic emission was used in the 1920’s for seismological explorations, 
and in the 1950’s for the study of the failure mechanisms in tensile specimen. It 
has gained acceptance in the vessel and pipe industry since the 1970’s. The ap¬ 
plicable standards are ASME B&PV Section V Articles 11,12 and 13, ASTM E 
569, ASTM E 749, ASTM E 751, ASTM E 1067, ASTM E 1118. 

16.8 THERMOGRAPHY 

Thermography is the optical recording of infrared radiation to locate mate¬ 
rial anomalies through a change in heat flow (refer to table 16-1 for the fre¬ 
quency range of infrared radiation). Infrared thermography, where the heat 
source emanates from the part, is used to inspect such items as boiler tubes, 
leaks of warm or hot fluid, and power insulators. 


Table 16-1 The Electromagnetic Spectrum 


Wave Type 

Approximate Frequency (Hz) 

Radio waves 

10 3 to 10* 

Microwaves 

10 9 to 10 12 

Infrared 

10 12 tol0 15 

Visible 

10 15 

Ultraviolet 

To 15 to 

X rays 

lO^tolO 26 

Gamma rays 

10 19 to 10 B ~ 

Cosmic rays 

Above I0 22 
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Thermography can be used to detect liquid level in a tank. In this case, on 
a hot day, a thermography will clearly indicate a change of color between the 
tank wall above the liquid level (warmer) and that below the liquid level 
(cooler). Thermography is also well suited for use in-service since it can detect 
leaks of fluids warmer or cooler than atmosphere, or wetness under the insula¬ 
tion from leaks or rain water, which make the wet spots under the insulation 
cooler than the dry insulation. 


16.9 MEASUREMENT ACCURACY 


The value of a non-destructive examination technique can be measured by 
its accuracy and its probability of detection [NTIAC]. Tables 16-2 to |1 6-4| are ex¬ 
amples of the accuracy of various examination techniques. In practice, each con¬ 
dition is unique and accuracy depends on many factors: the flaw, the object, the 
method, the material, the equipment, procedure and process, the calibration, the 
acceptance criterion, and the human factors [Rummel, NTIAC]. To illustrate the 
accuracy of common NDE techniques, we refer to recent inspections of 21 welded 
carbon steel specimens, from 0.24” to 0.60” wall thickness, containing flaws, in¬ 
spected by different examiners and techniques. The detection rate is summarized 
in IT able 16-5 |[Lilley]. 


Table 16-2 Detectable Flaw Size (mils) in Polished Laboratory Specimen [Pet¬ 


tit] 


Technique 

Fab. Sur¬ 
face Flaw 

Fatigue 

Crack 

Internal 

Void 

Internal 

Crack 

Lack of 
Penetration 

Visual 

50 

30 

NA 

NA 

NA 

UT 

5 

5 

15 

80 

30 

MT 

30 

30 

300 

300 

NA 

PT 

10 

20 

NA 

NA 

NA 

RT 

20 

20 

10 

30 

30 

ET 

10 

10 

NA 

NA 

NA 


Table 16-3 

Detectable Flaw Size (mils) 

in Finely Machined Parts [Pettit] 

Technique 

Fab. Sur¬ 
face Flaw 

Fatigue 

Crack 

Internal 

Void 

Internal 

Crack 

Lack of 
Penetration 

Visual 

100 

60 

NA 

NA 

NA 

UT 

10 

10 

30 

160 

60 

MT 

60 

60 

600 

600 

NA 

PT 

20 

40 

NA 

NA 

NA 

RT 

40 

40 

20 

60 

60 

ET 

20 

20 

NA 

NA 

NA 
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Table 16-4 Detectable Crack Size (mils) [Wumij 



Crack 

Width 

Crack 

Length 

Crack 

Depth 

Comment 

Visual 

4 

80 

- 

Clean surface and optical de¬ 
vices, simple shape. 

PT 

0.4 

40 

20 

Non-porous material with 
cracks open to the surface. 

MT 

0.04 

40 

4 

Ferromagnetic materials, sur¬ 
face or subsurface flaw. 

ET 

0.4 

40 

4 

Electrically conductive materi¬ 
als. 

UT 

0.04 

40 

40 

Surface or volumetric crack. 
Simple geometry. 

RT 

4 

40 

2 % wall 

Surface or volumetric cracks, 
limited thickness. 

Table 16-5 

Flaw Detection Rates (per cent) [Lilley] 

Wall Thickness 0.24”-0.31” 

0.31 ”-0.39” 

0.39”-0.47” 0.60” 

X-radiography 

y-radiography 

Manual UT 

Automated UT 

TOFD UT 

69 

63 

46 

82 

80 

63 

53 

46 

84 

79 

66 67 

54 71 

48 69 

82 86 

75 96 


16.10 TYPE AND EXTENT OF EXAMINATIONS 

When constructing a piping system, it becomes necessary to decide (a) 
what to examine, (b) how to examine it, and (c) how to assess the results. The 
ASME B31 codes (and API 1104 for petrochemical and pipeline applications) 
provide requirements for the extent of examinations (what to examine), the 
method of examination (how to examine), and the acceptance criteria (how to 
judge the results). An indication that does not meet the specified acceptance 
criteria is a flaw. 

The method and extent of examinations depend on the applicable code. 
For process piping (ASME B31.3), the materials and assembly are visually in¬ 
spected for compliance with the code and the design. In addition to visual ex¬ 
aminations, 5% of girth butt and miter welds (or brazed joints) including a joint 
from each welder, must be examined by RT. But RT is not mandatory for 
ASME B31.3 Category D piping (pressure below 150 psi, temperature below 
366°F, non-flammable, non-toxic and non-damaging to human tissue). All butt 
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welds in ASME B31.3 Severe Cyclic piping service must be examined by RT. 
For ASME B31.3 Category M piping (piping containing harmful fluids) at least 
20% of welds must be examined by RT. Ultrasonic examination is often per¬ 
mitted as an alternative to RT. Where RT is not feasible, for example on socket 
welds or branch connections, PT or MT may be used instead. 

Note the following points: 

(a) In-process examination (quality control oversight of the weld preparation and 
weld process) supplemented by surface NDE (MT or PT) may substitute RT for 
a specific weld that can not be accessed for RT. 

(b) The fabricator may select the joints to be examined unless the owner con¬ 
tractually specifies otherwise. 

(c) The percentage of examinations is based on judgment, not probabilistic 
analysis. 

(d) Visual examinations need not be recorded by individual weld. 

(e) Where a project involves more than one contractor, the percentage of exami¬ 
nations applies to each fabricator separately. 

(f) It is advisable to increase the 20% rate of radiography for ASME B31.3 
Category M sendee [Becht]. 

For oil and gas pipelines, the percentage of welds to be examined by RT is 
based on the hoop stress during operation (PD/(2t)) and on the pipeline location. In 
most cases, radiographic examinations will be performed on all the welds of a 
high-pressure transmission pipeline if the line crosses a high consequence area 
(HCA). Federal, state and local regulations apply in addition to examination re- 
quirements of ASME B31.4 and ASME B31.8 [49CFR], 

16.11 ACCEPTANCE CRITERIA 

The ASME B31 codes and API RP 1104 provide criteria to accept or reject 
indications detected during the visual, surface (MT or PT) and volumetric (UT or 
RT) examinations of piping system and pipeline welds. 

The ASME B31 acceptance criteria for welding indications are called 
“workmanship standards” because they are based on fabrication experience and 
reflect what can be expected from an experienced welder following an appropriate 
welding procedure. They are not based on fitness-for-service principles; in other 
words, a weld with a flaw larger than the workmanship acceptance criteria may 
still be shown by stress and fracture analysis or testing to be acceptable for the 
service, not leading to leakage or failure. API RP 1104 is also a workmanship 
standard, but it does permit fitness-for-service analyses to be applied to evaluate 
flaws that do not meet the workmanship standards. 
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16.12 PERSONNEL CERTIFICATION 


NDE requires certified experienced operators. In the United States, the 
American Welding Society (AWS) and the American Society of Nondestructive 
Testing (ASNT) certify non-destructive examination personnel. The ASNT certifi¬ 
cation is through the inspector’s employer, following the rules of SNT-TC-1A and 
ASNT CP-89. In contrast, the European Union’s Pressure Equipment Directive 
requires NDT personnel to be certified by a third party organization, a notified 
body. 


Certification of inspection (examination) personnel is recommended but not 
required by the pressure piping construction codes ASME B31. 

16.13 PIPELINE PIGS 

A pig is a tool that moves through a pipeline for the purpose of inspec¬ 
tion, dimensioning, or cleaning. Pigs are usually divided into two broad catego¬ 
ries: utility pigs and smart pigs (also called intelligent pigs or in-line inspection 
(HI) tools) [NACE], 

16.13.1 Utility Pigs 

Swab pigs are soft pigs that can be run initially in a pipeline to verify the ef¬ 
fective size of the inner diameter. 

Mandrel pigs with driving cups, scraper plates or wire brushes are typically 
propelled using compressed air, run in multiple passes for cleaning mill scale and 
removing debris from a pipeline, Figure 16-5. 

The brushes may be magnetized to collect debris. Pig diameter and stiffness 
can be increased as the pipe gets cleaner. Thin and flexible wire brushes are used 
to clean inside narrow pits. The driving speed is set by the pressure differential 
across the pig, which can be controlled by by-pass ports in the driving cups. 



Figure 16-5 Mandrel Pig with Driving Cups and Wire Bmsh 
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Another cleaning pig is the foam pig, Figure 16-6. It is typically bullet 
shaped, with a polyurethane core, a cover of abrasive silicone carbide chips, nail 
straps, urethane scrapers or steel studs. 



Figure 16-6 Foam Pig 

Gauging pigs, Figure 16-7, typically with aluminum plates, are used after 
debris removal to verify that there are no obstructions or significant ovalities in the 
pipeline. They can be fitted with impact loggers to record the position along the 
pipe where the plates have been impacted by an obstruction. 



Figure 16-7 Gauging Pig with Driving Cups and Gauging Plate 

Geometry or caliper pigs record the location and size of obstructions 
through deflection of odometer wheels. They are typically propelled by liquid such 
as when dewatering following hydrotest. 

Venting pigs are plugs pushed through a pipeline by the introduction of hy¬ 
drostatic water to sweep out air from the line prior to hydrotest. 

Dewatering pigs are typically foam pigs used to swab the line, as a precursor 
to more thorough drying of a pipeline by air, vacuum (which boils away any con¬ 
densate in the line), nitrogen or methanol. 

Commissioning pigs sandwich slugs of product to avoid mixing when filling 
the pipeline. 
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Batching pigs, Figure 16-8, are spheres used to separate multiple products or 
to contain batch inhibitors between two pigs. Gel pigs are viscous mixtures capa¬ 
ble of adsorbing and carrying out debris. 



16.13.2 Smart Pigs 

Geometry tools consist of electro-mechanical spring loaded wheels mounted 
all around the pig that can record changes in pipe shape (dents) and ovality. 

Gyroscopic pigs are fitted with a navigational system that records a three- 
dimensional isometric of the pipe routing. 

Magnetic flux leakage pigs were first used in the 1960’s. Wire bmsh mag¬ 
nets apply a longitudinal magnetic field to the pipe wall. Sensors detect changes in 
magnetic field caused by changes in wall thickness, Figure 16-9. The tool can size 
the length and depth of metal loss. Transverse field inspection has also been de¬ 
veloped more recently. High resolution can be achieved by increasing the number 
of magnets and sensors. High-resolution tools can discriminate between ID and 
OD wall thinning up to approximately 10% of the wall thickness, with 80% confi¬ 
dence. The unit is typically fitted with wire brush magnets, sensors, odometer 
wheels, drive cups, data collection and storage capability. Travel speed varies but 
is typically around 5 miles per hour (7 ft/sec). 
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Ultrasonic pigs require a very clean ID and a liquid couplant between the 
transducers and the pipeline wall, Figure 16-10, with the array of UT transducers 
at the back of the pig. Accuracy can be 20 mils flaw depth with 95% confidence, 
and 100 mils length with 300 mils width, but these accuracies are constantly im¬ 
proving. Travel speed is around 2 miles per hour (3 ft/sec). Angle beam ultrasonic 
transducers have been used since the mid-1990’s to detect cracks. 
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17 

Pipe Flange 


17.1 FLANGE STANDARDS 


A pipe flange is a common joint in piping systems. The ease of disassembly 
and re-assembly of flange joints makes them particularly well suited for mainte¬ 
nance, line breaks and pipe connections to equipment and components. Pipe 
flanges are often taken for granted, and relatively little attention is paid to flange 
joining compared for example to the attention accorded to welding. Flange joint 
sizes and ratings have been standardized since the 1920’s. Today’s common pipe 
flange standards are: 


ANSI B 16.5 
ANSI B 16.24 
ANSI B 16.34 
ANSI B 16.36 
ANSI B 16.47 
API 6A 
API 601 
API 605 
MSS SP-44 
ASME PCC-1 


Pipe Flanges and Flanged Fittings. 

Cast Copper Alloy Pipe Flanges and Flanged Fittings. 
Valves - Flanged, Threaded, and Welding End. 
Orifice Flanges. 

Large Diameter Steel Flanges NPS 26-60. 

Pressure Rating. 

Metallic Gaskets for Raised Face Pipe Flanges. 

Large Diameter Carbon Steel Flanges (26” to 60”). 
Steel Pipeline Flanges. 

Guidelines for Pressure Boundary Bolted Flange Joint 
Assembly 


17.2 FLANGE TYPES 


There are several types of pipe flanges, as illustrated in Figure 17-1 


To 

choose the best suited flange joint for a given service, we must consider the sys¬ 
tem operating pressure, the loads applied in service (pressure, bending), the fluid, 
the ease of assembly, and past experience with similar flanges. 
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Figure 17-1 Common Flange Types 
Clockwise from top left: Threaded, Slip-On, Lap, Weld Neck, Socket 

Threaded: the threaded flange is mostly used with small-bore piping (2” 
NPS and smaller). It is easy to assemble, but is susceptible to crevice corrosion 
since process fluid penetrates the thread region. It is also susceptible to leakage in 
vibratory service, particularly if installed misaligned, or under large p ipe bending 
moments. A threaded joint has a stress intensification factor of 2.3 ([Chapter 7j 
which means that under cyclic stress it takes 2.3 5 ~ 64 times fewer cycles to leak a 
threaded joint than a butt weld. 


Copyright © 2003 by Marcel Dekker, Inc. All Rights Reserved. 

































































Slip on: the flange is slipped onto the pipe and double fillet welded to the 
pipe. It requires less skill to assemble and permits aligning bolt holes by rotating 
the flange before welding. It is generally used in moderate pressure service, for 
example by limiting its use to Class 300 for pipe larger than 4”. A slip-on flange 
with a single outward weld is similar to a socket welded flange, and - if used at all 
- should be limited to non-corrosive, non-critical, 2” and smaller pipe. 

Socket welded: the socket-welded flange is commonly used for small-bore 
piping. Because the gap at the pipe to socket interface is a crevice exposed to the 
process fluid, the socket-welded flange is susceptible to crevice corrosion. 

Lap joint: the lap joint flange slips onto the pipe and abuts against the pipe 
lap. The flange can rotate to align bolt holes and is easily dismantled. It is com¬ 
monly used in mild service, when the loads applied by the pipe to the flange con¬ 
nection are small. 

Welding neck: the tapered neck of a welding neck is butt welded to the pipe 
providing a smooth transition with little stress concentration and no gaps or re¬ 
cesses that could lead to crevice corrosion. The welded connection to the pipe is 
strong and can be readily radiographed. The welding neck flange is well suited for 
severe service at high temperature and pressure, or under large external loads. 

17.3 FLANGE GASKETS 


17.3.1 Selection Factors 

There are three main groups of flange gaskets: (1) non-metallic sheet gas¬ 
kets, (2) semi-metallic jacketed or spiral wound gaskets, and (3) metallic ring gas¬ 
kets. To select a gasket, one must consider the following factors: (a) limitations 
specified in the gasket manufacturer’s catalog, (b) operating experience with the 
same gasket in similar service, (c) maximum operating pressure and temperature, 
sometimes specified as a maximum value of PxT, such as 20,000 psixF or 350,000 
psixF, (d) compatibility of the gasket with the fluid, and its permeability to the 
fluid, (e) compatibility of the gasket with the flange material, (f) availability and 
cost of gaskets, (g) resistance to creep or flow [ASTM F 38], (h) ability to recover 
[ASTM F 36A], (i) sealability [ASTM F 37], (j) compatibility of the gasket with 
the environment, (k) strength [ASTM F 152], and (1) smoothness or roughness of 
the flange face finish. 

In some cases the gasket must withstand a fire, for example in petrochemical 
applications, or be compatible with exacting cleanliness requirements, for example 
in the food and drug industries. An example will help illustrate the need for cau¬ 
tion when using gasket catalogs: a gasket was originally listed and sold by a ven- 
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dor for steam service up to 450°F. The facility engineer specified the gasket for 
use in 350 psi saturated steam, with a temperature of 430°F. Within hours of 
startup, two gaskets blew out causing steam to jet radially out from the flange 
joint. While investigating the incident, the engineer ordered the latest gasket cata¬ 
log and, to everyone’s surprise, the new catalog limited the use of this type of gas¬ 
ket to 400°F “continuous” service and permitted 450°F only “for short duration”. 
Catalogs do change without warning. 

17.3.2 Non-Metallic Gaskets 

The following gasket applications are provided as rough guidance. The 
choice of gasket for a given fluid, pressure and temperature, must be based on the 
plant’s experience and up-to-date information from the gasket manufacturer. 

Nitrile (NBR, Buna-N) is a synthetic rubber, typically used from -50°F to 250°F, 
and up to 150 psi. If reinforced with Aramid fiber (an organic, aromatic amid fi¬ 
ber) it can withstand higher temperatures and pressures up to 500°F and 1200 psi. 

Natural rubber has good strength against tearing, and is typically used from -60°F 
to 250°F. 

Butyl, isobutylene, is an elastomer used in gas service, and is typically used from - 
50°F to 300°F. 

Neoprene is typically used from -50°F to 250°F, and up to 150 psi. 

EPDM (ethylene propylenediene) is suitable for steam service, typically used from 
-50°F to 300°F. If reinforced with Aramid fiber it can withstand higher tempera¬ 
tures: -50°F to 550°F, at 1200 psi. 

Viton, typically used from -20°F to 390°F, and up to 150 psi. 

Reinforced polytetrafluorocarbon (PTFE, Teflon 1 M ) typically used from -350°F to 
50°F, and up to 800 psi. Reinforced Teflon™ is preferable to virgin Teflon™, 
which tends to flow and lose the joint preload. Glass reinforced PTFE resin, typi¬ 
cally used from -350°F to 480°F, 700 psi. 

Graphite, typically used from -300°F to 850°F, and up to 2000 psi. 

SBR (styrene butadiene) is a synthetic mbber, with Aramid fiber it is typically 
used from -60°F to 250°F, and up to 1200 psi. 
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17.3.3 Semi-Metallic Gaskets 


A semi-metallic gasket consists of a filler material (such as graphite or Te¬ 
flon™) sandwiched in a metal jacket (such as stainless steel) or spirally wound. 
With spiral wound gaskets, an outer metal ring serves to center the gasket and 
avoid blowout, and an inner metal ring serves to avoid inward buckling of the gas¬ 
ket inner windings if overly compressed, Figure 17-2. The metal used can be car¬ 
bon or stainless steel, as well as nickel, copper or aluminum alloys. Semi-metallic 
gaskets can generally be used at higher pressures and temperatures than the non- 
metallic gaskets of group. 



Figure 17-2 Buckling of Spiral Wound Gasket Without Inner Ring 

Spiral wound Teflon™ is typically used from -350°F to 500°F, and up to 
6000 psi. Spiral wound graphite is typically used from -350°F to 850°F, and up to 
6000 psi. Above 850°F, there may be a tendency for the graphite in some spiral 
wound graphite gaskets to deteriorate and, in the presence of hydrogen, form 
methane. Metal jacketed gaskets: the metallic jacket envelops a non-metallic sheet 
gasket. 

17.3.4 Metallic Gaskets 

Metallic gaskets are made of a solid metal ring that lodges into a grove in 
both flange faces. It is used for high pressure and temperature service, typically 
above 5000 psi, on pipe as well as vessel flanges. The bolt torque has to be very 
high to yield the metal ring inside the groove and fulfill the sealing function. Also, 
the ring hardness has to be lower than the flange hardness so that the ring, and not 
the flange, will yield at the point of contact. In addition, the flange groove must be 
sufficiently smooth to avoid stress concentration. Some large flanges have cracked 
at the edge of the groove comer due to large bearing stresses imposed by the ring 
on the groove. 
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17.4 FLANGE FACES 


There are several types of flange faces, as illustrated in figure 17~ (a) flat 
face, (b) raised face, (c) lap joint, (d) metallic ring joint. 


Flat face: flat faces are typical in cast iron class 125 and 250 flanges. The full- 
faced gaskets have a large contact area that extends beyond the bolt circle. The 
reason for having a flat face on a cast iron flange is to distribute the compressive 
force over the widest area {beyond the bolt circle) avoiding bending of the flange 
face that would cause the cast iron to crack. For this reason, when mating a raised 
face pipe flange to a flat face cast iron equipment flange, it is advisable to machine 
down the raised face so as to evenly distribute the load on the cast iron face. Con¬ 
versely, on steel pumps, if the steel pump flange has a flat face it could be mated 
to a raised face steel pipe flange since - with the correct preload - the steel pump 
flange can accommodate bending. 

Raised face: a raised face is common in pipe flanges. The face is typically raised 
0.06” for classes 150 and 300, and 0.25” for class 400. Because the face is raised, 
the gasket diameter is smaller than the bolt circle. 


Lap joint: the pipe lap protrudes from the flange and acts as a raised face. 

Ring face: the metallic ring can be oval or octagonal. The ring groove in the flange 
face is machined with precision to a very smooth finish, to avoid leaks in service. 

The type of gasket will dictate the finish of the flange face. In general, softer 
gaskets require a rough serrated surface finish to grip the gasket in place, while 
metallic ring gaskets will require a very smooth, mirror-like finish. Typical surface 
finishes are defined in centerline average (CLA) or roughness average R a , which is 
the arithmetic average of the absolute values of the profile height deviations from 
the mean line. Always refer to the gasket vendor instructions for the flange surface 
finish required for a given gasket. Typical surface finish for flange faces are: 


Thin (1/16”) soft gaskets 
Thick (over 1/16”) soft gaskets 
Spiral wound 
Metallic flat 
Metal ring joint 


100 to 250 p-inch CLA 
100 to 500 p-inch CLA 
100 to 250 p-inch CLA 
30 to 100 p-inch CLA 
60 p-inch CLA 


Surface finish is typically judged by visual comparison or by instruments 
and lasers [ASME B46.1]. An experienced machinist is able to judge surface 
roughness by touch and visual inspection. The serrations shou ld be circular , con¬ 


centric or spiral, and free of scratches to avoid radial leak paths Table 17-1) 
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(b) 




(d) 


Figure 17-3 Typical Flange Faces 
(a) Threaded, (b) Raised Face, (c) Lap Joint, (d) Metallic Ring 


Table 17-1 Length and Depth of Imperfections in Flange Faces [B16.5] 


Pipe size 
(in) 

Radial 

(in) 

Depth 

(in) 

0.5 to 2.5 

0.12 

0.06 

3 

0.18 

0.06 

3.5 to 6 

0.25 

0.12 

8 to 14 

0.31 

0.18 

16 

0.38 

0.18 

18 to 24 

0.50 

0.25 


17.5 FLANGE RATING 

Flanges are grouped in "classes" by "ratings" according to their design pres¬ 
sure. The flange rating is expressed in “psi” or, as a common practice, in 
“pounds”. We speak for example of “a 300 pound flange”. It is however preferable 
to simply refer to a “class 300 flange”, dropping altogether the “pound” or “psi” 
nomenclature since a class 300 flange does not mean that the flange rated pressure 
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is 300 psi. The exact definition of flange rating is given in B16.5. For class 300 
and heavier, the rated working pressure P T is a function of the pressure rating P r 
and the allowable stress S T , defined as the lowest of 0.6S Y at 100°F, 0.6S Y at tem¬ 
perature, and 1.25 S from ASME Boiler and Pressure Vessel code Section I at 
temperature, with 


P T = P r S T / 8750 

P T = rated working pressure for the specified material at temperature T, psi 
P r = pressure rating class index 

S T =Tlange material allowable stress at temperature T, psi 


As a rule of thumb, at ambient temperature, the maximum operating pres¬ 
sure of a carbon steel flange of class X is approximately 2.4X. This rule works 
particularly well for class 300 lb and heavier. For example, a class 300 carbon 
steel flange will have a design pressure of ~ 2.4 x 300 = 720 psi at ambient tem¬ 
perature. 

As an example, the maximum working pressure of class 150 is shown in 
Table 17-2 for several materials, and in Table 17-3 for classes 150 to 4500 ASTM 
A 105 flanges. 


Table 17-2 Pressure Rating (psi) Class 150 Flanges [ASME B16.5] 


Temp. 

°F 

Carbon steel 

2~l/4Cr- 1 Mo 

304 Stainless 

-20 to 100 

235 

-285 


290 

275 


200 


215 

-260 


260 

235 


300 


210 

-230 


230 

205 


400 


200 


200 

180 


500 


170 


170 

170 


600 


140 


140 

140 


Table 17-3 

Ratings (psi) for A 105 Carbon Steel Flange [ASME B 16.5] 


Temp. °F 

150 

300 

400 

600 

900 1500 2500 

4500 

-20 to 100 

285 

740 

990 

1480 

2220 3705 6170 

11110 

200 

260 

675 

900 

1350 

2025 3375 5625 

10120 

300 

230 

655 

875 

1315 

1970 3280 5470 

9845 

400 

200 

635 

845 

1270 

1900 3170 5280 


500 

170 

600 

800 

1200 

1795 2995 4990 


600 

140 

550 

730 

1095 

1640 2735 4560 

8210 

700 

110 

535 

710 

1065 

1600 2665 4440 


800 

80 

410 

550 

825 

1235 2060 3430 


900 

50 

170 

230 

345 

515 860 1430 


1000 

20 

50 

70 

105 

155 260 430 

770 
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A type 304 stainless steel flange class 150, operating at ambient temperature 
can be placed in a system with a design (maximum) pressure of 275 psi. This sys¬ 
tem, including the flange, can be hydrostatically tested at 1.5 times 275 psi = 413 
psi. In other words, it is acceptable to exceed the flange pressure rating for the 
purpose of hydrostatic testing. 


17.6 FLANGE BOLT TORQUE 

On July 6, 1988, on the Piper Alpha platform in the North Sea, a condensate 
injection pump (pump CIP-A, Figure 17-4) was shutdown for routine mainte¬ 
nance. As part of the maintenance activity, the 4" pressure safety valve for pump 
A was removed (PSV-504) and sent to the platform’s valve shop for routine cali¬ 
bration. A pair of blind flanges was fitted in its place as temporary covers. 
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That same day, the second condensate injection pump (pump CIP-B) tripped un¬ 
expectedly. With the two condensate pumps out of service, condensate started to 
accumulate in hold tanks, triggering high-level alarms. As the operators tried in 
vain to repair and restart pump CIP-B, the decision was made to promptly termi¬ 
nate the maintenance of pump CIP-A and return it to service. 

Apparently, pump A's maintenance work package did not clearly point out 
that the pressure relief valve had been removed, and the temporary blind flanges 
were at a higher elevation, not visible from the pump deck [Cullen, Lancaster]. 
Pump A was therefore started, with - unknown to the operators - blind flanges still 
installed in place of PSV-504. As the pump started, the line was filled with 670 psi 
condensate, which started to leak around the blind flange gasket, with a loud hiss¬ 
ing sound. 


The investigation indicates that the blind flanges, installed as a tempo¬ 
rary measure on an empty line while the relief valve was being tested, had not 
been properly tightened [Cullen], In this type of service, flange bolts have to be 
tightened in a controlled manner. The escaping vapor ignited, leading to a series of 
explosions, including the burst of the gas pipe riser to the platform. The destruc¬ 
tion of the platform was nearly total, and 165 men lost their lives. 

The rule for correctly bolting a pipe flange can be summarized as follows: 
the flange gasket must be uniformly compressed to a certain stress level, not less 
and not more; and, in the process of compressing the gasket, the flange bolts 
should not yield [ASME PCC-1]. This objective is achieved by following a step- 
by-step calculation process described in this section [ASME VIII, ASME B 16.5]. 
We take as an example a 4” carbon steel water piping system, with a design pres¬ 
sure of 165 psi and a design temperature of 70°F. 

Given the flange material (carbon steel forging A105), ASME B16.5 Table 
1A will assign the flange to group 1.1. 

Given the group (1.1), the design temperature (ambient) and design pressure 
(165 psi), ASME B16.5 Table 2 will assign a Class 150. 

Given the pipe size (4”) and flange class (150), ASME B16.5 Table 8 tells 
us that the flange will require 8 bolts of 5/8” diameter. 

We now chose a gasket that is compatible with the fluid and compatible 
with the operating pressure and temperature. 

Having chosen a 1/8” thick rubber gasket, ASME B16.5 Fig.El (or ASME 
VIII Div.l Appendix 2 Table 2-5.1) tells us that the gasket is group la, and our 
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choice is compatible with the recommendation of ASME B16.5 section 5.4.2 to 
use group la gaskets with class 150 flanges. Both ASME B16.5 Appendix E and 
ASME VIII Div.l Appendix 2 give us two gasket factors: m = gasket factor = 2.00 
and y (called “y” in ASME VIII) = minimum design seating pressure = 1,600 psi. 

The “m” factor is an experimentally determined factor. It is the ratio of the 
compressive pressure to be exerted on the gasket during assembly, to the highest 
system pressure in service. In this case, an “m” of 2 means that, when assembling 
the flange, we need to exert a compressive pressure on the gasket of at least twice 
the design pressure. 

The “y” factor is the compressive stress that must be generated in the gasket 
for proper seating. The seating stress is a function of the gasket thickness. For ex¬ 
ample a catalog may specify y = 1600 psi for a 3/16” gasket, 2100 psi for %”, 
2600 psi for 3/8” and 3000 psi for Vi”. The thicker gaskets require larger compres¬ 
sive stresses for proper seating. The values listed in ASME B 16.5 Appendix E and 
ASME B&PV VIII Appendix 2 were established based on tests of a number of 
gasket groups. More accurate values for specific gaskets may be obtained from 
gasket vendors. 

Knowing that the gasket belongs to group la and that the pipe is 4”, ASME 
B16.5 Fig.E2 gives a flange face width W = 0.84”. In ASME VIII Appendix 2, the 
width W is labeled N. We can verify this width by noting that the OD of a 4” pipe 
is 4.5” and that the radius of a 150 lb raised face is, from B16.5 Table 4, equal to 
6.19”. Therefore the width of the raised face is W = N = (6.19 - 4.5)/2 = 0.845”. 

An important assumption in ASME VIII flange design is that the compres¬ 
sion on the gasket is not uniform, it is assumed that as flange bolts are torqued, the 
flange faces tend to bend and pinch the gasket and only portion of the total gasket 
width N is effectively compressed. 

The “effective” gasket width “b”, which will be smaller than the actual gas¬ 
ket width “N”, is obtained as follows. Given the gasket width N, and since the 
gasket is completely contained within the raised faces, ASME VIII Appendix 2 
Table 2-5.2 (or ASME III Appendix E) defines a “basic gasket seating width” b 0 
as b 0 = N/2 = 0.42”. If b 0 < 0.25” then b = b 0 . If b 0 > 0.25” then b = 0.5(b 0 ) 0 5 . In 
our case, b 0 = 0.42” > 0.25” and therefore b = 0.5(0.42)° 5 = 0.32”. 

The effective width “b” extends inward from the outer edge of the raised 
face to a diameter “G”, which is the diameter of load reaction. If b 0 < 0.25” then 
G is the mean diameter of the gasket contact face. If b 0 > 0.25” then G is the out¬ 
side diameter of gasket contact face minus 2b. In our case, b 0 = 0.42” >0.25” and 
therefore, G = 6.19” - 2 (0.32”) - 5.6”. 
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The required preload W m on the gasket must be sufficient to achieve two 
objectives: (a) in service, the preload must be sufficient to sustain the internal 
pressure, this is the preload W ml , and (b) at assembly, the preload must be suffi¬ 
cient to seat the gasket between the flange faces, this is the preload W ni2 . 

Let’s first look at the preload W m] . The minimum required preload to sustain 
the design pressure is given in ASME VIII Div. 1 Appendix 2 as 

W ml =H + H P 

W ml = bolt preload to sustain the design pressure, lb 
H = bolt preload to resist the hydrostatic load in the pressurized pipe, lb 
H P = experience based preload to ensure leak tight joint, lb 

To calculate H, we consider that only a band of width “b” is sealed at the pe¬ 
riphery of the gasket, beyond the diameter of load reaction “G”. With this ap¬ 
proximation, the area that is not sealed, an area 7 tG 2 /4, will be subject to the oper¬ 
ating pressure and, as a maximum, the design pressure. Therefore, the hydrostatic 
load trying to open the flange joint is 

H = (tiG 2 / 4) P - 0.785 G 2 P 


P = design pressure, psi 

The second load term, H P , was determined experimentally to be proportional 
to the system pressure; the proportionality constant was labeled “m”. A pressure 
mP needs to be applied over a ring of diameter G and width 2b. This can be writ¬ 
ten as 


H P - (2b) (tcG) m P - 7,238 lb 

We now consider the load W ni2 needed to stress the gasket to a value “y” 
and seat the gasket. In our case y =1,600 psi. As before, we consider the compres¬ 
sion to occur over a ring band of diameter G and width b. The minimum required 
bolt load to achieve a stress y is 

W m2 = (7tG)by = 9,0081b 

The minimum bolt preload is the largest of W ml and W ni2 , which corre¬ 
sponds to approximately 9000 lb. At this stage, we know that we need a class 150 
flange, an 8-bolt flange assembly, which can sustain a preload W m of 9,000 lb. At 
installation, each bolt must see a tension of at least 9,000/8 = 1,125 lb. The stan¬ 
dard bolt for a 4” class 150 flange is 5/8” (Table 8 of ASME B16.5). A standard 
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150 lb, 4” flange has eight 5/8” bolts. The root diameter of the 5/8” bolt is 
0.5168”, which corresponds to a bolt root area 


Aboit - tid 2 / 4 = 0.210 in 2 

The bolt stress area (slightly different from the root area) is [ASTM A 574] 


A = 0.7854 D - 


0.9743 J 


D = nominal diameter, in 
n = number of threads per inch, 1/in 

With this formula, a 5/8” - 11-thread/inch bolt has a stress area of 0.226 in 2 

Given the installation tension of 1,125 lb per bolt, over an area of 0.21 in 2 , 
the tensile stress applied to the bolt during preload to compress the joint is 


a = W / Aboit = 5,357 psi 


We can now select a bolt material. We need a bolt that is 5/8” in diameter, 
can sustain at least 5,357 psi, and is compatible with a carbon steel forging flange 
body. We chose an ASTM A193 Gr.B7 bolt, commonly used with carbon steel 
flanges. It is a high strength bolt compatible with the fluid, and listed in B16.5 
Table IB. At ambient temperature, its allowable stress is [ASMEII] 

^ambient = 23 ksi 

The bolt yield and ultimate strength are [ASME II] 

S y = 95 ksi 
Su = 115 ksi 

In this case the bolt preload stress of 5,357 psi is well within the material 
allowable stress. Often times, at higher pressures or temperatures, or with gasket 
with larger seating stress y, the calculated bolt tension may exceed the material 
allowable stress. In practice, it is common to torque the bolt close to its yield point, 
for example 85% to 90% of yield [Faires]. We know that we need to torque each 
of the flange four bolts to achieve a tension of 1,125 lb in each bolt. The minimum 
bolt torque T needed to achieve a preload F; is 
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Tmin-KFjd 


Tmin ~ minimum bolt torque, in-lb 
K = nut factor 
Fj - required preload, lb 
d = nominal bolt diameter, in 

The nut factor is a factor established experimentally and depends on the 
metal and lubricant [ASME PCC-1]. It typically ranges from 0.10 to 0.20 for lu¬ 
bricated bolts, and can be as high as 0.5 for unlubricated bolts [EPRI, Bickford]. 
With K = 0.20, W m = 1,125 lb, d — 5/8”, the minimum torque needed to seat the 
gasket and react the hydrostatic load in service is T,™ - 12 ft-lb. We compare this 
minimum torque to the torque required to reach the bolt allowable stress and 80% 
of the bolt yield stress 


Tmax ~ 60 ft-lb (to reach S = 23 ksi) 

Tmax ~ 170 ft-lb (to reach 80% of S v = 95 ksi) 

ASME B&PV Section VIII Division 1, Appendix N reports the approximate 
bolt stress achieved by using a normal hand wrench is 

c 45,000 

VT 

S = stress in bolt using normal hand wench, psi 
D = nominal bolt diameter, in 

In the case of the 5/8” bolt the stress achieved with a manual wrench would 
be 57 ksi, well above the minimum needed of 10.7 ksi, also above the bolt allow¬ 
able stress of 26.7 ksi, but below 80% yield = 0.8 (95) = 76 ksi. 

Obvious but important warning: bolt torque values only make sense assum¬ 
ing the faces are in uniform contact before torquing. Otherwise, part of the torque 
would serve to pull the two flange faces closer together rather than cause a uni¬ 
form preload on the gasket. 

17.7 EXTERNAL LOADS 

While in operation, the piping system will apply forces and moments on the 
pipe flange. These loads can be due to weight, expansion, vibration, settlement, 
etc. How to account for the effect of applied loads in designing and preloading a 
flange joint? The first and simplest method is to convert the applied load into an 
equivalent pressure, which is added to the concurrent pressure. The flange is then 
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qualified to the total pressure. An equivalent pressure formula is provided in 
ASME B&PV Section III, Division 1, NB-3658, as [ASME III] 


eq 


16M 

rcD 3 


P eq = equivalent pressure, psi 
M = applied moment, in-lb 
D = mean gasket diameter, in 

A second approach would consist in limiting the applied bending and tor¬ 
sional moment M fs to the following value [ASME III, Rodabaugh] 


M fs <3125 


36000 


CA, 


M fs = bending and torsional moment, in-lb 
S y = yield stress of flange material, psi 
C = diameter of bolt circle, in 

Ab = total cross sectional area of bolts at root of threads, in 2 

The normal, shear and Von Mises stresses in any flange bolt when the 
flange assembly is subject to moments and forces are [Lu] 


Kt 


'ni 


Kk + K 


1 

T t2i ~ T" 
A 


m L 

&2 2M 
A 


r l 

NA 

l 


M 3 

T~ 

2n 


2n M 2 
Rsin — (i-l) +—- 


N 


cos — (i — 1) 
RN N 


Tl3i= X 


■ + 


2M. 


i j 2 7t .. 

- L sm— (l — 1) 

RN N 


a ei ~ V CT Hi 2 +3 ( T 12i 2 +x 13i 2 ) 


Rcos—(i -1) 
N 


+ CTt 


A = effective cross section area of flange bolt, in 2 

F i - axial load along x axis, lb 

F 2 = shear force along y axis, lb 

F 3 - shear force along z axis, lb 

I = moment of inertia of flange, in 4 

Kb = stiffness of bolt i, lb/in 

K m = stiffness of flange, lb/in 
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Mj = torsion on flange around x axis, in-lb 

M 2 = bending on flange, around y axis, in-lb 

M 3 = bending on flange, around z axis, in-lb 

N — number of bolts 

R = radius of bolt circle, in 

x = longitudinal axis of pipe 

y, z = transverse axes of pipe 

Op - preload stress, psi 

O) i = normal stress in bolt i, psi • 

o e i = Von Mises equivalent stress in bolt i, psi 

t ( 2 i — shear stress in bolt i, psi 

t x 3 i = shear stress in bolt i, psi 

A bending moment applied to a flange joint can also be translated into an 
edge load, compressive over half the circumference of the gasket and tensile on 
the opposite half [Bouzid] 


N = M cosa / (tc B 2 ) 

N = distributed edge force, lb/in 
M = applied bending moment, in-lb 
a = angle around the circumference, deg 
B = inside diameter of flange, in 

17.8 ASSEMBLY OF PIPE FLANGES 

17.8.1 Assembly Steps 

The proper assembly of a pipe flange joint follows several steps described here 
[Bibel, ASMEPCC-1]. 

(a) Select a standard flange, of the right rating, compatible with the pipe and the 
service. Refer to Sections 17.1, 17.2 and 17.5. 

(b) Select a gasket compatible with the flange and the service. Refer to Section 
17.3. 

(c) Verify that the flange and gasket are not damaged. Refer to Section 17.4. 

(d) Align the two flange faces to achieve parallelism of the faces, and axial align¬ 
ment of bolt holes. An initial parallelism of flange faces of 1/16” per foot of flange 
face, or even tighter, is required by piping codes. This is achieved by feeler gages 
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and dial indicators or laser alignment at pipe-nozzle of certain rotating equipment. 
In practice, the precision of alignment should depend on the flexibility of the pipe 
span and sensitivity of the connected component to nozzle loads. For example, a 
pipe flange on flexible small bore tubing lines does not need to be as tightly 
aligned because the flexibility of the tubing spans will accommodate some level of 
rotation while bolting the flange. On the other hand, a flange between a stiff pipe, 
for example a large diameter or rigidly supported pipe, and the nozzle of a pump, 
compressor or heat exchanger on the other side, will have to be very well aligned 
before applying a torque to the bolts. 

(e) Lubricate the bolts, unless they are coated. Lubricating the bolts will assure 
that the applied torque serves to preload the bolt and is not lost in friction. As 
much as 30% of the torque is used to overcome friction in new non-lubricated 
bolts, and this loss is as much as three times larger with galled threads. The gasket 
vendor should be contacted for compatibility of lubricant. When reusing bolts, 
make sure that they are wire bmsh cleaned before being lubricated. 

(f) Establish a torque range by specifying a maximum and minimum torque, as 
described in Sections 17.6 and 17.7. In the field, the mechanic will have to tighten 
the bolts within this range. The method used to tighten flange bolts varies: the 
simplest and least accurate is hand wrench tightening based on the mechanic’s feel 
and experience. Next in accuracy is the use of a calibrated torque wrench. The 
most accurate tightening is achieved by controlled hydraulic tensioning of the bolt 

ing down the nut against the flange face while the bolt is stretched, Figure] 



17-5.1; The nut is tightened against the flange (a), then the stud is hydraulically 
stretched (b), and the nut is turned down against the flange (c). Preload is then 
obtained as the stud is released from the tensioning machine. In this case the accu¬ 
racy of bolt preload can be 10% or better. Note that with hydraulic tensioning 
some plastic deformation at the nut-flange bearing surface will cause some loss of 
preload. This can be minimized by using washers. 

The choice of flange torque methods depends on the type of gasket, the 
service, the mechanic’s training and experience, and the company’s policy. For 
example, manual torque may be sufficient for mild service, such as a non-critical 
class 150 water line. Hydraulic tensioning with elongation control may be neces¬ 
sary for large flanges in critical service, for example a heat exchanger head to shell 
flange [ASMEPCC-1]. 

There are two alternatives to torque control: (1) when using spiral wound 
gaskets and (2) when using soft gaskets. In the first case, the proper preload of 
spiral wound gaskets can be verified by visual inspection of the side of the gasket 
to assure that the gasket has been fully compressed and the outer metal ring is in 
contact with the flange faces all around the circumference. In the second case, 
when using a soft gasket, the flange faces can be aligned and placed evenly in 
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contact with the gasket before bolt-up; the gap “G” between flange faces is meas¬ 
ured, then the bolts are tightened to bring the gap to a fraction “mG” of the initial 
gap. The value of “m” is obtained from the gasket manufacturer. For example, if 
the gasket is to be compressed 25%, the gap between flange faces after bolt tight¬ 
ening would be 0.75G. 


t T 



(a) (b) (c) 


Figure 17-5 Hydraulic Tensioning 

(g) Torque bolts in a star pattern, particularly for flanges with 8 or more bolts 
(torque the bolt at 12-o'clock, followed by 6-o'clock, followed by 3-o’clock, fol¬ 
lowed by 9-o'clock, etc.) [ASME PCC-1]. For very large flange assemblies (such 
as bolted heads of heat exchangers) the star pattern would apply to groups of bolts 
(for example, bolt first three bolts at 12-o'clock, then three bolts at 6-o'clock, etc.). 
Torque in incremental passes since, as a new bolt is torqued, the adjacent bolt 
preload is partially lost, an effect called elastic interaction [Bibel]. 

Bolting in three passes (at 33%, 66% and 100% of the required torque) helps 
achieve an even preload of all bolts around the flange. Sometimes the three passes 
are followed by two last passes at 100% torque. Pressure Mylar film that changes 
color with the intensity of compression at each point of its surface can be used 
during trials to visualize the distribution of preload on a gasket. 

(h) After bolt-up, visually verify proper assembly and engagement of the bolt, 
screw or stud threads into the nut. As a matter of good practice, one or two threads 
should be visibly protruding from the nut to confirm complete engagement of the 
bolt or stud into the nut. 

Piping codes will specify minimum thread engagement for flange joints. 
While the gas pipeline code (B31.8) requires full engagement, the process piping 
code (B31.3) would permit to be one thread short of full engagement. The mini¬ 
mum thread engagement necessary to develop the joint capacity is [ASME Bl.l] 
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0.9743' 

2 

r i/p j 

2(l/P)D min 

M^ + 0.57735(d 2mil -D,™) 


LE ext = length of minimum engagement based on external threads, in 
1/P = number of threads per inch, 1/in 
D = basic major diameter, in 

D ni j n = minimum major diameter of external threads, in 
D lmax = maximum minor diameter of internal thread, in 
d 2m in = minimum pitch diameter of external thread, in 

(i) Verify leak tightness during a system pressure test, or at start-up as specified in 
the construction or maintenance code. 


(j) Hot torquing: ASME VIII Division 2, article 3.5, acknowledges that preloads 
do relax in service and may have to be reestablished by torquing in service. This is 
particularly true for hot service since the line tends to expand and rotate at flange 
joints. Re-torquing in-service may also become necessary when a leak develops. If 
done at all, torquing a flange in service must be approached with the utmost care. 
It is advisable to avoid the practice altogether for steam, high pressure or tem¬ 
perature, and hazardous fluids. A shield should be used for high pressure, flashing 
fluid, highly corrosive or damaging fluids. 


17.8.2 Closing the Gap 


The following situation is not uncommon: the piping spools have been as¬ 
sembled in the field and when comes time to bolt-up the final flange the gap be¬ 
tween flange faces is wider than the gasket. For example, the gap between raised 
faces is 1.5” while the gasket is 1/8” thick. The ideal solution would be of course 
to replace a pipe spool to add the missing 1.5” length of pipe. But sometimes this 
may not be feasible. In this case, the assembler has two options: pull the line or 
use a Dutchm an. The first option, line pull is equivalent to a cold spring procedure 
(Chapter 7)] The second option consists in making a steel ring the size of the 
raised faces (a Dutchman or, as it is called in Spanish, a pancake) with serrated 
finish on both faces, and inserting the Dutchman in the following sequence: flange 
face - gasket - Dutchman - gasket - flange face. The bolt torque would have to be 
calculated to achieve the desired preload of the assembly. Piling up gaskets in 
contact one against the other is not an option, and is explicitly prohibited by 
ASME B31 construction codes. 
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17.9 NUTS AND BOLTS 


17.9.1 Definitions 

A bolt is an externally threaded fastener, typically headed, generally used 
with a nut. It fits in an oversized hole and is tightened by an end nut. A stud is an 
externally threaded fastener, typically headless, generally used with one or two 
nuts. A screw is an externally threaded fastener, generally used without a nut. It 
normally fits in a threaded hole. A nut is an internally threaded fastener to mate 
with bolts, screws or studs. 

There are three thread classes. Class 2 has a large allowance (play), class 3 
has a smaller allowance and class 5 has a negative allowance and must be force 
twisted. In defining thread class, a letter A refers to external threads, B to internal 
threads. 

Unified thread sizes are identified by “UN” symbols [ASME Bl.l, ASME 
B 18.2.1], UN may have a flat or rounded root contour. UNR and UNJ have 
rounded root contours. The prefix “C” refers to coarse threads (fewer threads per 
inch than the standard thread), “F” refers to fine threads (more threads per inch) 
and “EF” refers to extra fine. For example 3/8-20UN-2A stands for 3/8” nominal 
diameter, 20 threads per inch, UN standard thread, class 2A loose fitting. 

17.9.2 Bolt Fabrication 

Bolt materials conform to one of several ASTM specifications, which will 
be reviewed in 17.9.3. The bolt manufacturer buys rolls of wire of specified di¬ 
ameter, chemistry, mechanical properties and heat treatment. The bolt, screw or 
stud can then be cold formed, warm formed (around 500°F), forged (around 
2200°F) and machined. The head is formed round by blows then cut to hexagonal 
“hex” shape. The shank is extruded to proper diameter then threaded. The fabrica¬ 
tion process strives to maintain the original wire’s strain hardened properties to 
achieve high yield and tensile strength. Hardness is a standard material specifica¬ 
tion requirement for many grades of bolt material. Charpy impact toughness is a 
supplementary requirement to be specified by the buyer. 

17.9.3 Bolt Specifications 

(a) ASTM A 193 Alloy Steel Bolting Material for High-Temperature Service, 
comes in several grades, for example: 

B7 is a low alloy (0.37 to 0.49 C, 0.75 to 1.20 Cr, 0.15 to 0.25 Mo). It is a 
popular choice, with high strength and ductility, for use between 0°F and 550°F. 
Often chosen as the standard bolt for carbon steel and low alloy steel applications. 
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For size 2.5” and under, S u = 125 ksi, S y = 105 ksi. Rockwell C28 to C30, and if 
heat treated C40. High hardness makes it susceptible to hydrogen stress corrosion 
cracking (SCC, [Chapter 20) at -150°F to 250°F. Can be a problem in solutions of 
anhydrous ammonia (NH 3 ), hydrogen cyanide (HCN), hydrogen fluoride (HF), 
hydrogen sulfide (HS). The approximate price ratio is 1 (reference) uncoated, and 
2 if Teflon™ coated. 

B7M is similar to B7, but “M” denotes modified steel because it has the 
same chemistry as B7 but is heat tempered at 1150°F after threading to reduce risk 
of stress corrosion cracking (SCC). Recommended use —400°F to 1000°F. In 
critical applications may impose supplementary requirement of 100% hardness 
testing. May bow or form an oxide layer at tempering. May be dual marked 
“B7M, L7 and L7M” if meets the low temperature Charpy test requirements of A 
320. The approximate price ratio is 1 uncoated, 2 Teflon coated, 2 uncoated 100% 
tested, 3 Teflon™ coated 100% tested. 

B8 class 1 is a 304 Stainless Steel (0.08 max C, 18 to 20 Cr, 8 to 10.5 Ni) 
with S u = 75 ksi, S y = 30 ksi. “Class 1” refers to Cr carbide solution treatment and 
“Class 1 A” refers to solution annealed in the finished condition for maximum 
corrosion resistance. Its approximate price ratio is 3. 

B8 class 2 is similar to class 1, but in addition the material is strain hardened 
after carbide solution treatment to S y = 100 ksi, this increase in yield stress comes 
with increased risk of Hydrogen SCC. Its approximate price ratio is 4. 

B8M class 1 is 316 Stainless Steel (0.08 max C, 16 to 18 Cr, 10 to 14 Ni, 2 
to 3 Mo) where “M” denotes Molybdenum. Its mechanical properties are S u = 75 
ksi, S y = 30 ksi. “Class 1” refers to Cr carbide solution treatment and “Class 1 A” 
is solution annealed in the finished condition for maximum corrosion resistance. 
Its approximate price ratio is 6. 

B8M class 2 is similar to class 1, but in addition it is strain hardened after 
carbide solution treatment (with increased risk of Hydrogen SCC). Its approximate 
price ratio is 7. 

(b) ASTM A 307 Carbon Steel Bolts and Studs, 60,000 psi Tensile Strength. 
Grades A and B are unalloyed carbon steels. S u = 60 ksi, S y not specified. Grade A 
= 0.06% max P, with B241 max. Grade B = 0.15% max P, with B212 max (cast 
iron flanges). Black finish or galvanizing. 

(c) ASTM A 320 Alloy Steel Bolting Materials for Low Temperature Service. 
Alloy steel (L7 series, L43 and LI) and stainless steel (B8 304 and B8C 347) bolts 
with a minimum Charpy impact energy requirement. L7 series, L43 and LI; S u = 
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100 to 125 ksi, S y = 80 to 105 ksi. B8 series; S u = 75 to 125 ksi; S y - 30 to 100 ksi. 
Recommended use of L7 ~ 0°F to 550°F. 

(d) ASTM A 325 High Strength Bolts for Structural Steel Joints. Alloy steel, Type 
1 has limits on C, Mn, P, Su; Type 3 also has limits on Si, Cu, Ni, Cr, Va, Mo, Ti. 
S u = 105 ksi, S y = 81 ksi. 

(e) ASTM A 354 Quenched and Tempered Alloy Steel Bolts, Studs and Other 
Externally Threaded fasteners. Bolts and studs made of C = 0.3% to 0.5% steel 
with a maximum on P and S. S u = 115 ksi to 150 ksi; S y = 99 ksi to 130 ksi de¬ 
pending on size and grade. Often chosen when 150 ksi strength is needed. 

(f) ASTM A 449 Quenched and Tempered Steel Bolts and Studs. Bolts and studs 
made of C = 0.3% to 0.5% steel with a min on Mn, and a maximum on P and S. S u 
= 90 ksi to 120 ksi; S y = 58 ksi to 92 ksi depending on size and grade. 

(g) ASTM A 453 Bolting Materials, High Temperature, 50 to 120 ksi Yield 
Strength With Expansion Coefficients Comparable to Austenitic Steels. Stainless 
steel bolts. Come in 4 grades (660 most commonly used, also available as 651, 
662 and 665). S u = 95 to 155 ksi, S y = 50 to 120 ksi. May be used in the creep 
range (above 800°F) with a 1200°F 100 hours tension test. 

(h) ASTM A 490 Heat-Treated Steel Structural Bolts, 150 ksi Minimum Tensile 
Strength. Three types of high strength steel bolts, with S u = 150 to 170 ksi. Type 1 
(alloy steel) is most common. Type 3 has good resistance to atmospheric corro¬ 
sion. 

(i) ASTM A 540 Alloy Steel Bolting Materials for Special Applications. Five 
grades of alloy steel B21 (Cr-Mo-Va), B22 (Cr-Mo), B23 (Cr-Ni-Mo), B24 (Cr- 
Ni-Mo) and B24V (Cr-Ni-Mo-Va). S u = 120 to 165 ksi and S y — 105 to 150 ksi, 
with Charpy impact test. Several supplementary requirements include UT, frac¬ 
ture, MT, Charpy at elevated temperature (212°F). 

(j) ASTM A 564 Hot-Rolled and Cold Finished Age-Hardening Stainless Steel 
Bars and Shapes. Stainless steel (for example, type 630 is 0.07 max C, 15 to 17.5 
Cr, 3 to 5 Ni), although not a bolt specification, can be considered for stainless 
steel, corrosion resistant, and high strength applications. They can be machined in 
the solution-annealed condition (1900°F no S u /S y requirement), then can be age 
hardened (800°F 1 hr. to 1100°F 4 hrs) to the required mechanical properties (S u /S y 
= 190/170 ksi to 140/125 ksi). 

(k) ASTM F 468 Nonferrous Bolts, Hex cap Screws, and Studs for General use, 
covers copper, brass, aluminum, bronze, nickel and titanium alloys. 
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(1) ASTM F 593 Stainless Steel Bolts, Hex cap Screws, and Studs, covers 304, 
316, 321 and other common stainless steel alloys. Mechanical properties include 
yield, tensile and hardness. 

17.9.4 Nut, Washer Specifications 

(a) ASTM A 194 Carbon and Alloy Steel Nuts for Bolts for High-Pressure and 
High-Temperature Service. This specification for nuts parallels ASTM A 193, 
with nut grades 1 to 8, including 7, 7M, 8 and 8M. Grades 2H (carbon steel) and 7 
(alloy steel) are often used for in high pressure or temperature applications. 

(b) ASTM A 563 Carbon and Alloy Steel Nuts. Covers several grades of carbon 
steel and alloy steel nuts. Addresses zinc plating. A non-mandatory appendix gives 
guidance regarding bolt-nut combinations. 

(c) ASTM F 436 Hardened Steel Washers, carbon or low alloy steels, have a pre¬ 
scribed hardness. 

(d) ASTM F 467 Nonferrous Nuts for General Use, covers copper, brass, alumi¬ 
num, bronze, nickel and titanium alloys. 

(e) ASTM F 436 Hardened Steel Washers. Applies to fasteners 14” to 4” diameter. 
The required mechanical properties are limited to a hardness range. Supplemen¬ 
tary requirements apply to surface roughness of 750 micro-inches. Is a common 
choice for carbon steel washers. 

(1) ASTM F 594 Stainless Steel Nuts, covers 304, 316, 321 and other stainless 
steel alloys. Mechanical requirements are proof stress and hardness. 

Washers, while not required, help achieve and maintain the proper bolt 
stretch by reducing friction and embedment of the bolt head in the flange. Washers 
are typically ASTM F 436 Type 1 material for carbon steel bolts with ASTM A 
194 Gr.7 nuts. For stainless steel bolts (ASTM A 193 Gr. B8 or B8M) and nuts 
(ASTM A 194 Gr.8 or 8M and ASTM F 594) the washer is 18/8 stainless steel. 

17.9.5 Restrictions 

Restrictions are imposed by the gas pipeline code on the use of bolt materi¬ 
als. ASTM A 193, ASTM A 320, ASTM A 354, ASTM A 449 and ASTM A 1 94 
are permitted. ASTM A 307 Grade B is permitted only for class 150 and 300 
flanges, from -20°F to 450°F and with A307 nuts. 
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17.9.6 Corrosion Prevention 

Often times, it is necessary to protect flange bolts against corrosion. This 
can be accomplished by galvanic protection, such as the application of a 2 to 4 
mils layer of zinc or cadmium. Thicker coatings will require re-tapping the nut to a 
larger diameter. In highly corrosive environment this coating may seize and be 
difficult to disassemble without cutting the bolt. If the temperature does not exceed 
400°F, coatings of polyamide have been used with PTFE fill. For temperatures 
between 400°F and 550°F, a bonding layer of phosphate can be applied over the 
steel, followed by a polymer top coat about 1 mil thick. These coatings have the 
side advantage of reducing friction during assembly. Lubrication is usually not 
necessary for new-coated bolts. Many coats are sufficiently thin so that the nut 
need not be re-tapped. 

17.10 MAINTENANCE 


17.10.1 Flange Assembly Sequence 

Having reviewed many aspects of flange joining, let’s list a work sequence 
for removing and reinstalling a valve-to-pipe flange joint. 

Drain and vent the line. 

Make sure the line is supported on both sides of the flange to support the pipe and 
maintain alignment as the flange is unbolted. Add temporary supports if necessary. 
Double check that the line is drained and vented (depressurized). 

Loosen nuts, progressively and evenly all around. 

Remove nuts and bolts, studs or screws. 

Separate flange faces, using a wedge if necessary, without scratching the flange 
faces. 

Completely remove old gasket. 

Reface flange if necessary. 

Confirm valve type, size and packing. 

Check bolts or studs types, length. 

Clean bolts or studs as needed, with a compatible solvent. 

Wire brush bolts, studs and nuts as needed, with a compatible wire material. 
Confirm gasket type, style and size. 

Visually inspect flange faces for imperfections (section 17.4), 

Confirm flange faces are smooth or serrated as required by gasket. 

Clean flange faces as needed, with a compatible solvent. 

Visually inspect inside the pipe. 

Clean pipe of scale, dirt, etc. 

Clean valve with air or flush with water. 

Check manual valve, open and close. 
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Align and support pipe. 

Lubricate bolts and nut threads, unless the bolt is a new-coated bolt. 

Place valve between pipe flanges. 

Align flanges with drift pin. 

Align flange faces to within 1/16” per foot of face (section 17.8). 

Align bolt holes to within 1/8”. 

Insert bottom bolts on one flange, finger tight. 

Use washers as necessary. 

Select new gasket (section 17.3), do not reuse gasket. 

May lightly spray the gasket with compatible adhesive. 

Insert gasket (keep gasket horizontal on flat board until assembly). 

Insert all bolts, finger tight. 

Repeat on opposite valve nozzle. 

Torque bolts (section 17.8). 

Tighten opposite valve nozzle. 

It is good practice to have at least one thread protrude from nut (section 17.8). 

Use two more passes: 1 clockwise and 1 counter-clockwise. 

Re-torque after 24 hours if necessary and permitted (section 17.8). 

17.10.2 Replacing a Gasket 

Be sure line is empty. 

Loosen bolts, opposite to mechanic. 

Be sure line is empty (again). 

Spread flange faces open, use flange spreader if necessary. 

Remove gasket. 

Scrape out gaskets parts if any left (do not scratch flange face). 

Cement gasket to both sides of blank. 

Slip gasketed blank between flanges. 

Insert freshly lubricated bolts (may need longer bolts because of blank). 

Tighten in cross-over pattern, in three passes. 

17.10.3 Welding a Slip-On Flange 

Clamp and support free pipe end. 

Slide flange, leaving an offset between the flange and the pipe end. Typically, !4 
for small bore pipe (2” NPS and smaller), 3/8” for 3” to 10”, and 5/8” above 10”. 
Measure offset all around. 

Use square to assure a 90° angle between the flange face and the pipe. 

Four tack welds at 90° around the pipe. 

Weld flange to pipe (section 17.2). 

Inspect welds. 
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17.10.4 Leakage Diagnostics 

The following checklist could help pinpoint the cause, or causes, of a pipe 
flange leak. 

Wrong pressure and temperature rating of gasket. 

Wrong flange class. 

Wrong fluid service for gasket. 

Incorrect gasket thickness. 

Incorrect gasket modulus (too soft or too hard). 

Incorrect bolt material, may have yielded. 

Flange surface too smooth or defective. 

Bolt torque not controlled during construction. 

Bolt torque too small, insufficient preload, gasket creep. 

Bolt torque too large, overstress of bolt or gasket, bent flange. 

Bolting sequence not followed, uneven preload. 

Cold spring load on flange. 

Overpressure transient. 

Operating forces on flange not considered. 

17.10.5 Refinishing Flange Faces 

When a flange face is scratched or gouged, it will be necessary to either 
repair the face or replace the flange. Repair of the flange face can be done by re¬ 
finishing the face using a pre-qualified tool radius and feed rate to avoid reducing 
the flange thickness to a value below that specified in ASME B16.5. If the flange 
face is below the thickness specified in ASME B16.5, it will be necessary to in¬ 
crease the flange thickness by weld metal build-up before machining the surface. 
The weld metal, welding technique, welder qualifications and heat treatment, if 
required, must be properly selected and pre-qualified. Impurities remaining on the 
flange face during weld build up, such as pieces of gasket material or corrosion 
deposit, must be removed since they can result in weld defects. After repair, the 
finished surface should be examined to the requirements of ASME B16.5. Once 
the repaired flange is reassembled in the field, the joint should be leak tested as 
required by the construction Code. 
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18 

Mechanical Joints 


18.1 WHAT THEY ARE 

Mechanical joints are pipe j oints other th an welded, brazed or sol¬ 
dered joints (Chapter 13] or flange joints (Chapter 17] . Mechanical joints are ver¬ 
satile specialized fittings, developed and optimized for specific applications. They 
include swage fittings, easily assembled and disassembled, used on tubing sys¬ 
tems; grooved couplings common in water lines and fire protection piping sys¬ 
tems; quick disconnects used on hose ends, braided hose used at pump-pipe noz¬ 
zles, flared tube fittings, and threaded joints common in small bore piping (NPS 2 
and smaller). 

Mechanical fittings are often labeled by the brand name or trademark of a 
company. From a user perspective, these fittings are quite useful since they do not 
involve welding, yet they provide leak tight service, and many of these mechanical 
joints can be easily disassembled and reassembled during maintenance. 

Going back to the seven fundamentals of lChapter'll before using a new type 
of mechanical joint, the user should obtain the following assurances: 

(1) Materials: To avoid corrosion or degradation in service, the fitting materials 
(metallic parts and non-metallic O-rings, gaskets, etc.) and finish must be com¬ 
patible with the existing pipe, the fluid, and the operating temperature. Materials 
must comply with a listed specification. Some fittings must also pass a fire test for 
service in refining or petrochemical applications, or a radiation compatibility test 
for service with radioactive fluids. 

(2) Design: The fittings must be pressure rated in accordance with the applicable 
design code. The “rated pressure” listed in the vendor catalog should have been 
established by proof testing on a production sample to prove either (a) that the 
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fitting can withstand without leak an operating pressure equal to three times the 
rated pressure, with allowance for a temperature derating factor, if the fitting is 
used at temperatures other than ambient, or (b) that the fitting is stronger than the 
matching pipe, in which case it will be assigned a pipe schedule number. In addi¬ 
tion, the fabricator of a mechanical joint fitting should provide the user a stress 
intensification factor for the fitting |(Chapter 7) This factor is used to design a 
system for flexibility if it operates above or below the ambient temperature, or to 
assess fatigue life in vibratory service. Many reputable vendors do conduct Markl 
type tests to establish their products’ stress intensification factor values (Chapter 

7). 


(3) Fabrication: in this case, fabrication consists in assembly, disassembly and 
reassembly of the joint, following precise step-by-step written instructions. For 
critical service, maintenance mechanics should be qualified for assembly of me¬ 
chanical joints, usually by a representative of the manufacturer. If the fabrication 
of a mechanical joint involves welding (for example, welding of end flanges to a 
braided hose), welding should follow a code-qualified procedure and be done by a 
code-qualified welder. 

(4) Examination: the vendor should provide, together with the assembly instruc¬ 
tions, the means for verifying the adequacy of the joint. This may take the form of 
go-no go gages, torque range, visual markings, etc. 

(5) Leak testing: in the case of new construction, the joints are either pressure 
tested or leak tested with the system, depending on the requirements of the con¬ 
struction code. During maintenance, for example when making or remaking in¬ 
strument tubing to periodically test an instrument, or to reassemble a manifold, it 
is not necessary to re-hydrotest the system every time, since there have been no 
modifications to the system. In critical systems, where the consequence of leakage 
is unacceptable, the user relies on the accuracy of the joining and examination 
process, steps (3) and (4), and an independent quality control of these steps is in 
order. In critical applications, the owner has the option to require a pressure test 
following maintenance work, if deemed necessary. 

(6) Operation: operator rounds should include verification of leak tightness of me¬ 
chanical joints in critical systems. 

(7) Maintenance: in critical applications, maintenance mechanics should be trained 
in the making, remaking and examination of mechanical joints, preferably by the 
vendor’s representative, or by a person certified by the vendor. 

A serious accident resulted from poor maintenance joining: in March 2000, 
seven workers inhaled radioactively contaminated gas that leaked through a tube 
fitting. A controlled negative pressure of inert gas was normally maintained in a 
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header (TN), by alternatively drawing a vacuum (TN to VAC through Cl and C2) 
or introducing inert gas (IG to TN through 02 and 01), Figure 18-1. The mani¬ 
folds consist of 3/8" tubing, assembled by swage fittings, as is commonly the 
practice for tubing systems. After many years of service, the vacuum line was 
contaminated with radioactive elements. With time and radiation, the seat in isola¬ 
tion valve Cl had deteriorated and the valve leaked through the seat, allowing the 
entry of pressurized gas in section C1-C2, normally under vacuum. The gas would 
have been contained if it were not for a leak out of the swage fitting at the inlet of 
valve Cl. The investigation revealed that the swage fitting was not properly as¬ 
sembled. 



Figure 18-1 General layout of Inert Gas and Vacuum Tube 

18.2 SWAGE FITTINGS 


To swage is “to reduce or taper an object as by forging or squeezing”. This 
is indeed what swage fittings do, Swage fittings are comm only used to join tubing 
systems. They are typically made of a body (B, Figure 18-2), a ferrule (F, Figure 
18-2), and a nut (N, Figure 18-2). As the nut threads into the body, it compresses 
the ferrule on the tube surface. The ferrule bites into the surface providing a fixed 
point to tighten the joint. 


Since these joints were first patented in the 1940’s, they have been continu¬ 
ously improved to achieve ease of installation, better gripping action and achieve 
their leak tightness. Today swage fittings are available with single and double fer¬ 
rules and in a wide range of materials, coatings and heat treatment. Common ma- 
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terials for swage fittings are stainless steel, copper, carbon steel, aluminum, and 
nickel alloys. To harden the ferrule, which permits a better gripping of the tube 
outer diameter, the ferrule is either work hardened (drawn), case hardened (car¬ 
burized, |Chapter or plated (for example with chromium). Caution is in order 
since the hardening process may alter the metallurgy of the ferrule and lead to 
accelerated corrosion. It is therefore advisable, in corrosive service, to inquire not 
only on the chemical composition of the parts, but also on the type and effect of 
ferrule hardening. 



The compression-fitting vendor will provide a catalog or an installation pro¬ 
cedure with step-by-step instructions. These must be followed to achieve a leak 
tight joint. They typically include the following steps: 

(1) Verify that the joint parts are correct. 

(2) Cut square the tube ends. 

(2) Clean and smooth the tube end. 

(3) Align the tube straight with the fitting. 

(4) Insert the tube into body to a prescribed depth. 

(5) Tighten finger tight the nut into the body. 

(6) Torque the nut a prescribed number of turns beyond step (5). 

(7) Use a go-no go gage to verify the joining process. 

(8) Steps (6) and (7) may vary when remaking a joint (reassembly after disassem¬ 
bly, as is typical with instrument or manifold tube joints). 


18.3 GROOVED FITTINGS 


A circular groove is cut or rolled into each end of two pipes. A soft gasket 
(G) overlaps the two pipe ends. The gasket has two shoulders (protrusions) that fit 
into each groove. The gasket bridges the two pipes ends. The two half shells of a 
mechanical clamp (MC) are placed over the gasket and bolted together, squeezing 
the g asket shoulde rs into the groove at the end of each pipe, providing a leak tight 


j omt ] Figure 18-3 
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The seven fundamentals apply: (1) materials, in particular the long-term 
performance of the gasket. (2) Design, the pressure rating and the stress intensifi¬ 
cation factor, and - in this case — the flexibility of the joint where lateral loads are 
important, for example if grooved fittings are used in a fire sprinkler system that 
must be seismically qualified to suppress a fire in case of earthquake. Under lateral 
loads the pipe spans may rotate around the groove fittings, which acts as hinge 
point with finite flexibility. (3) Fabrication, field erection is quite efficient and 
must be done by qualified persons. There is typically a limit on misalignment of 
successive spans joined by grooved fittings. (4) Examination consists in verifying 
the adequacy of the groove, the gasket and the mechanical clamp, and the proper 
torque of the clamp bolts. (5) Testing, pressure or leak testing of new construction 
would follow the construction code requirements. Testing of maintenance activi¬ 
ties (opening and remaking the joint with no change other than possibly the gas¬ 
ket) may not need to be pressure tested. In critical systems, independent quality 
control of the machining and joining process is in order. (6) Operations should 
include visual inspection for leak tightness as part of routine operator rounds. (7) 
Maintenance mechanics should be trained in the disassembly and reassembly of 
the joints. 



Figure 18-3 Grooved Fitting 

18.4 IN CONCLUSION 

We have touched on only two of a multitude of specialty mechanical joints. 
The product line continues to grow to fill the needs of users who want an easily 
installed, easily disassembled and re-assembled joint with superior leak tightness, 
ideally as reliable as a welded joint. Reliable performance will depend on the 
manufacturer’s and user’s understanding of the seven fundamental points listed in 
section 18.1. 
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19 

Leak and Pressure Test 


19.1 LEAK TEST AND PRESSURE TEST 

A leak test is conducted at or below operating pressure to verify that a pip¬ 
ing system is leak tight or, for certain applications such as waterworks or fire 
mains, that leakage is within prescribed limits. A pressure test is conducted above 
operating pressure, often times at 1.1 times to 1.5 times the system design pressure 
to verify the strength and leak tightness of a system. The leak and pressure tests 
defined by the construction codes are shell tests; their purpose is to verify that the 
fluid in the piping system does not leak out of the system. The construction code 
leak test is not a closure test meant to confirm that a closed valve does not leak 
through its seat. Seat leak tightness is addressed in iChapter 25l The leak test is a 
control on the quality of assembly during construction or maintenance. Most often, 
when leaks occur during testing they originate at mechanical joints, such as 
flanges or threaded connections. Leaks have also occurred, but much more rarely, 
in a defective w'eld or base metal, such as a cracked elbow, or in components, such 
as at a repair weld in a valve body. 

The hydrostatic and pneumatic tests are pressure tests that challenge the 
system above the design pressure. But they do not replace pressure design of pip¬ 
ing or components. The pipe size, fitting and component rating must still be sized 
in accordance with the design mles or qualified by proof testing to a pressure 
higher than the system hydrostatic or pneumatic test pressure. 

In some cases, hydrostatic tests of pressure vessels have resulted in cata¬ 
strophic ruptures of the vessel while conducting the test. In most cases, post¬ 
failure analyses indicated an unusually low impact toughness of the steel at room 
temperature (low Charpy V-notch toughness) aggravated by the presence of a 
weld flaw undetected by earlier examination. In these cases, the pressure test was 
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instrumental in uncovering a material of poor quality or a weld defect. This is 
however an unacceptable and costly way of uncovering such problems. 

In the oil and gas pipeline industries, hydrostatic testing is used to assess the 
fitness-for-service of a pipeline, based on fracture mechanics analysis. The logic 
being that if a pipeline can withstand a certain hydrostatic pressure it can be con¬ 
cluded that it does not contain flaws larger than a certain size. In phapter 2~il we 
will see that a pipeline tested at a hoop stress of 100% its specified minimum yield 
stress (SMYS) will not contain a flaw longer or deeper than the limits of ASME 
B31G, otherwise the line would have failed at these flaws during hydrotest. 

19.2 LEAK AND PRESSURE TEST METHODS 

There are several methods for leak and pressure testing a piping system. 
ASME B&PV Code, Section V Article 10, provides a good reference for leak 
testing techniques. Following are the most common leak test methods used for 
industrial piping systems and pipelines. 

Bubble test (ASME B&PV Section V Article 10, Appendix I): air or an inert 
gas is introduced in the pipe, at a relatively low pressure, in the order of 15 psig. A 
bubble solution is applied at welds and joints. The joints are then visually in¬ 
spected for signs of bubbles, which would indicate a leak. The bubble solution 
may contain inhibitors to avoid corrosion. The sensitivity of the method is in the 
order of 10" 4 to 10 5 std. cc/sec. 

Vacuum box (ASME B&PV Section V Article 10, Appendix II): a bubble 
forming solution is applied at welds and joints. The weld or joint is then covered 
with a sealed box with transparent windows, as shown in |Figure 1%T| A slight 
vacuum of about - 2 psid is drawn into the box and held for a short time, typically 
less than a minute. The joints in the vacuum box are then visually inspected for 
signs of bubbles, which would indicate a leak. The method is particularly well 
suited for the leak testing girth welds in pipes. The sensitivity of the method is in 
the order of 1 to 10" 2 std. cc/sec. 

Sensitive leak test (ASME B&PV Section V Article 10, Appendix IV and 
V): the sensitive leak test technique consists in detecting leakage of a tracer gas, 
such as Helium or SF 6 , into or out of the teste d system [AST M E 432]. There are 
four sensitive leak test methods, illustrated in lFigure 19-2. l Either a gas is intro¬ 
duced inside the component and the air is sampled around it for traces of gas 
(sniffing probe or bell jar), or the component is immersed in gas or joints are 
sprayed with gas, and the air inside the component or system is sampled for traces 
of gas (hood or tracer spray). A detector probe is used to detect small amounts of 
leakage by ionization and magnetic field deflection of the tracer gas. The sensitiv- 


Copyright © 2003 by Marcel Dekker, Inc. All Rights Reserved. 








ity of the method ranges from 10 2 to 10' 10 std. cc/sec, depending on the particular 
option and method of leak detection selected. 



Figure 19-1 Leak Box Test Arrangement 



Figure 19-2 Sensitive Leak Test Arrangements 
(a) Sniffing Probe, (b) Bell Jar, (c) Hood, (d) Tracer Spray 
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Hydrostatic test: The piping system is filled with water to a pressure speci¬ 
fied. by the construction code, Figure 19-3 at top. Note the isolation valve, the rec¬ 
ommended relief valve, and the easily visible pressure gages. Joints are inspected 
for evidence of leakage. To this end, the joints should be visible, bare, and unin¬ 
sulated. The sensitivity of the method is in the range of 1 to 10" 2 std. cc/sec. As a 
practical point of reference, a liquid leak rate of 1 std. cc/sec corresponds ap¬ 
proximately to 1 gallon per hour. The power piping code, ASME B31.1 would 
permit the leak test to be conducted after insulation is installed, provided the hy¬ 
drostatic pressure is maintained for a sufficiently long time; low points should be 
left uninsulated to permit the detection of leaking water. The hydrostatic test pres¬ 
sure is defined in ASME B31.3 as 


Ptest 1 -5 Pdesign Cutest / ^design) 


P test = test pressure, psi 

Pdesign = design pressure, psi 

S test = allowable stress at test temperature, psi 

Sdesign = allowable stress at design temperature, psi 



Figure 19-3 Hydrostatic (top) and Pneumatic (bottom) Test Arrangements. 

The correction S test / Sdesign has an important practical consequence when hy¬ 
drostatically testing piping systems in the field: the leakage of valve packing dur¬ 
ing hydrotest. Indeed, take for example a carbon steel system with a design tem¬ 
perature of 650°F. The correction factor is 20 ksi / 17 ksi = 1.18. The piping sys¬ 
tem will be tested at a pressure of 1.5 x 1.18 x Pdesign- Yet, the vendor has only 
tested the valve at 1.5 times its rated pressure [ASME B 16.34). Therefore, if the 
system design pressure is equal to the valve pressure rating, the valve will be ex¬ 
posed for the first time to a pressure 1.5 x 1.18 x P rate d, in this case the field hy- 
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drotest pressure is 18% larger than its manufacturer tested pressure of 1.5 x P rate( j, 
and as a result there are cases where the valve packing leaked during the field hy¬ 
drotest. 


New pipelines are hydrostatically tested before commissioning and service. 
Hazardous liquid pipelines operating at a hoop stress larger than 20% of SMYS 
(minimum specified yield stress) are tested in accordance with ASME B31.4 at 
1.25 times the design pressure for a minimum of four hours [ASME B31.4, 
49CFR195], If the line is covered and the joints are not visible, the test is extended 
for four more hours at a pressure of 1.1 times the design pressure. A pipeline de¬ 
signed for the maximum hoop stress of 72% SMYS will therefore experience a 
stress of 1.25 x 72% = 90% SMYS during hydrotest. Conversely, a pipeline can¬ 
not be operated at a pressure that exceeds 80% of the hydrostatic test pressure, 
which corresponds to 80% x 90% SMYS - 72% SMYS. 


Up to the 1950’s, many gas transmission pipelines were tested with air or 
gas slightly above maximum operating pressure. As a result of failures, operating 
and insurance companies and regulators imposed a hydrostatic test at 1.1 to 1.4 
times the maximum allowable operating pressure (MAOP) depending on the loca¬ 
tion class (population density) [ASME B31.8, 49CFR192J. 


A pig is inserted in front of the hydrostatic water to sweep all the air out of 
the line through open-air vent valves at high points. This will insure that the pipe¬ 
line is full of liquid, with no trapped air pockets. There are three reasons why air 
has to be removed when hydrotesting a pipeline: (1) to re duce the en ergy trapped 
in the line, so that a leak will not turn into a large rupture Chapter 4] , (2) to avoid 
pressure flu ctuations caused by pumping water against trapped air bubbles 
I (Chapter 9)1 (3) to maintain the siphon effect to balance static heads caused by ups 
and downs in elevation. A pipeline can be tested in sections, to reuse the test wa¬ 
ter. 


When testing pipelines, a pressure-volume (P-V) chart is used together with 
a calculation of projected volume vs. pressure to compare volume of water 
pumped (pump strokes) to corresponding pressure increase [API 1110, Kiefner]. If 
the pressure does not rise as predicted with pumped volume, this would indicate 
either a leak or plastic deformation of the pipe. The volume of water required to 
fill a pipeline and raise its pressure from atmospheric pressure to a test pressure P 
is [McAllister] 


V teS t “ ^pipeline X F WP X Fpp X F PWT 


V pipeline = 0.0408 d 2 L 
F W p = [1-4.5 10‘ 5 (P/14.7)]' 1 
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Fpp = 1 + (D/t)(0.91P/30) 10’ 6 + 3.6 10 -6 (T - 60) 


F pwt = [1 + (T- 60) 18.2 10- 6 ] / Fwt 

V test = volume of test water to fill and pressurize the line, gallons 

Vpipe = pipe volume, gallons 

Fwp = correction factor for water compressibility 

Fpp = correction factor pipe volume increase with pressure 

F PT = correction factor for pipe and water temperature change 

D = pipe inner diameter, in 

L — pipe length, ft 

P = test pressure, psi 

D = pipe outside diameter, in 

T = pipe temperature, °F 

F W t - factor 1.0 at 60°F [McAllister] 

Pneumatic test: the piping system is filled with air or gas, and slowly pres¬ 
surized to a pressure specified by the construction code, such as 110% of the de¬ 
sign pressure for ASMEB31.3 pneumatic tests. An arrangement of the test assem¬ 
bly is shown in iFigure 19^31 at bottom. Note the pressure regulator, the isolation 
valve, the mandatory safety valve, the easily visible pressure gages, and the barrier 
or rope placed as a safety precaution. Joints are inspected for evidence of leaks, 
either using bubble solution or by monitoring the pressure drop. 

Pressure change test (ASME B&PV Section V Article 10, Appendix VI): 
this pressure testing technique is also referred to as pressure decay (rate of fall) 
test. The system is pressurized, typically with water, and sealed. The pressure is 
monitored at least every hour for large systems, during a sufficiently long period 
of time to detect any pressure drop that would indicate leakage. For testing small 
volumes (such as a small vessel) 15 minutes may be sufficient. The sensitivity of a 
rate of fall test is 1 to 10' 2 std. cc/sec. Note that the rate of fall has to be corrected 
because the pressure in the sealed system will increase if the ambient temperature 
increases and vice-versa. The increase in pressure due to a temperature rise AT of 
a trapped liquid can be obtained by solving the following set of algebraic equa¬ 
tions [Mohitpour, McAllister] 


A-B C + D = 0 
A - d 2 L F AT 

B = {d + a AT d + (2PR/E) [R 2 (1 +v) + r 2 (l - 2v)] / (R 2 -r 2 )} 2 -d 2 
r C = L + L a AT + (PL/E) r 2 (1 -2v) / (R 2 - r 2 ) 
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D = P d 2 L / B 


d = internal pipe diameter, in 
B = Young's modulus of pipe material, psi 
F = thermal expansion of fluid 
L = length of isolated pipe, in 
P = pressure, psi 
R = outer radius, in 
r = inside radius, in 

a = coefficient of thermal expansion of pipe material, 1/°F 
AT = change pf temperature of trapped fluid, °F 
v - Poisson ratio of pipe material 

For vacuum systems, the test is reversed, and the pressure increase (rate of 
rise) would be measured to detect in-leakage. The sensitivity of a rate of rise test is 
in the range of 1 to 10‘ 5 std. cc/sec. 

Ultrasonic leak detection (ASME B&PV Section V Article 10, Appendix 
X): a probe is used to detect ultrasounds, in the range of 20 to 100 kHz, emitted by 
gas leakage through a small hole or crack. 

In-service leak test: the in-service leak test is a visual inspection of pipe 
joints during system startup, at normal operating pressure. 

19.3 CHOICE OF TEST METHOD 

Neither the constructor nor the owner has much latitude when it comes to 
leak or pressure testing. The type of test and the test pressure are typically speci¬ 
fied by the construction code, federal, state or local regulations. In the construction 
of pressure vessels or piping systems, pressure testing is typically a hold point 
witnessed by the owner’s inspector, or a third party inspector. Leak testing must 
include all the new joints of a piping system. Even if new piping subassemblies 
are tested in the pipe shop, the field joints between these subassemblies must be 
tested in the field. 

In power and chemical process plant piping, the leak test is a pressure test 
typically a hydrostatic test at 150% of the design pressure. For systems with low 
design pressure, typically below 150 psi, and non-flammable, non-toxic fluids, the 
pressure test may be replaced by an in-service leak test during system startup, if 
permitted by the construction code or the applicable regulation. For example, an 
in-service leak test is typical for building services and in non-critical process sys¬ 
tems operating below 150 psi and 366°F. In industrial process plants, for piping 
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systems operating above 150 psi, when the hydrostatic or pneumatic tests cannot 
be conducted, they may be substituted by full radiography of girth butt welds, PT 
or MT of fillet welds and an in-service leak test. This may be the case for closure 
welds, which are the last welds in a new construction, and the tie-ins between new 
and existing piping. Where the tie-in is at a flange or mechanical joint that can not 
be hydrostatically tested, then the joint assembly should follow written instructions 
and be witnessed by an independent inspector. 

Oil and hazardous liquids pipelines (ASME B31.4) are hydrostatically 
tested, typically at 125% the design pressure, for at least 4 hours if the system op¬ 
erates at a hoop stress PD / (2t) in excess of 20% of the yield stress. If the joints 
are not visible, the first test is to be followed by a second test for at least four hours 
at 110% the design pressure [49 CFR 195,ASME B31.4]. 

Leak testing of gas pipelines and distribution systems depends on the loca¬ 
tion of the pipeline and the operating hoop stress. For a hoop stress below 100 psi, 
an in-service soap bubble leak test is often sufficient. For hoop stresses above 30% 
of yield, the pipeline is hydrostatically tested at pressures ranging from 110% to 
140% of design pressure, depending on the pipeline location [49 CFR 192, ASME 
B31.8]. 


Keep in mind that the hydrostatic test pressure is the minimum pressure to 
be achieved in the system, therefore, because of elevation heads, low points will 
see a pressure in excess of the hydrostatic test pressure. But in no case should the 
hydrostatic hoop stress in the pipe exceed its yield stress or, preferably, 90% of the 
yield stre ss, except wh en the hydrotest is used as a means to check for flaws in 


pipelines (Chapter 21 


19.4 CONDUCT OF TEST 

A leak test has to be competently planned and conducted [ASTM E 479, 
API 1110]. The following guidance applies to hydrostatic tests. 

19.4.1 Plan the Test 

(1) Select and train test inspectors, preferably personnel qualified for visual in¬ 
spections. 

(2) Prepare written test procedures and develop forms to record date, system 
boundaries, fluid, pressure, examiner certification. 

(3) Decide on hold points for quality or owner inspections. 

(4) Walk down the system to verify that construction is correct and complete. 

(5) Verify proper location and condition of vents and drains. 

(6) Make sure supports are completed and temporary supports are in place, if re¬ 
quired. 
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(7) Spring hangers should be pinned if not sized to support the water weight. 

(8) If the test pressure exceeds the design pressure, restrain expansion joints to 
safely sustain the test pressure. 

(9) Verify test boundaries and valve alignments, use a piping line diagram to indi¬ 
cate test boundaries, valve status, vents, drains, pressure gages and test pressures. 

(10) Verify the pressure rating of all components and fittings against the test pres¬ 
sure. Note that for the purpose of hydrostatic testing, a B16.5 flange can withstand 
1.5 times its rated pressure, but an instrument should not be tested above its indi¬ 
cated range. 

(11) Disconnect equipment, components and gages that can not withstand the test 
pressure. 

(12) Make sure joints are visible, uninsulated. They could be painted. Joints that 
were successfully tested in the shop need not be reexamined in the field. 

(13) Make provisions for a relief valve close to the fill connection. Temporarily 
remove or seal system relief valves, since the test pressure will exceed the design 
pressure and relief valve set point. 

(14) Install test relief valves. For process piping a test relief valve is recommended 
during hydrotest and required during a pneumatic test. 

(15) Chose a clean fluid compatible with the pipe. For example, use water with 
less than 250 ppm chlorides with stainless steel. In one case, untreated hydrotest 
water was permitted to stay stagnant inside several stainless steel systems for a 
period of five months, resulting in widespread pitting corrosion and costly re¬ 
placements. 

(16) Avoid testing in cold weather, below 40°F for carbon steel. If using anti¬ 
freeze, plan for its disposition. 

(17) For pneumatic tests, rope off, and shield if necessary, the test area. To select 
the rope-off distance on pneumatic tests, consider the equivalent TNT approach 
described in Chapter 4, 


19.4.2 Conduct the Test 

(1) Fill from bottom and vent air at high points. If air is entrapped, it will be diffi¬ 
cult to reach the test pressure, and the trapped pressurized air bubble could be a 
source of catastrophic rupture of the pipe during hydrostatic testing. 

(2) Consider a first plateau at low pressure. 

(3) Pressurize slowly, in plateaus, to permit the system temperature to reach equi¬ 
librium. 

(4) Watch for solar heating, refer to formulas for pressure increase with ambient 
temperature. 

(5) Maintain the test pressure for 10 minutes during visual inspection. 

(6) Wipe condensation as it occurs. It is prefe rable to heat th e fluid slightly or test 
above the dew point. Dew points are given in Table 19-1. 7 or example, from Ta¬ 
ble 19-1, if the ambient temperature is 70°F and the humidity is 50%, dew will 
form if the pipe wall is at 50°F. 
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(7) Examine all joints. 


Table 19-1 Dew Point in Air (°F), given Ambient Temperature and Humidity 


Humidity % 

30°F 

50°F 

70°F 

80°F 

90% 

28 

47 

67 

87 

70% 

22 

40 

60 

78 

50% 

15 

31 

50 

67 

40% 

11 

26 

43 

61 

30% 

4 

20 

36 

52 


19.4.3 Plan for Leaks 

(1) If leakage occurs, drain, repair and reexamine the piping, then retest. 

(2) Unless otherwise required by regulations, the owner may wave retesting for 
minor repairs, such as flange retightening, or welded repairs that do not penetrate 
the pipe wall. 

(3) For bolted joints, bolts may be retightened if permitted by the owner. Retight¬ 
ening bolted joints should not be permitted during pneumatic testing, instead, the 
test should be interrupted and the system depressurized to repair the leak. 

19.4.4 Drain and Dry 

(1) Flush and dispose of the test water. 

(2) Dry by reducing the line pressure below atmospheric pressure, close to vac¬ 
uum. Any water is then entrained as a low-pressure vapor outside the pipe. Drying 
may also be accomplished by blowing dry air or nitrogen in the system. Drying of 
long pipelines may be accomplished by several runs of polyurethane foam pigs 
followed by blowing dry air. The drying operation is completed when the outlet air 
is measured to be dry. In pipelines, drying may be accomplished by running 
batches of liquid methanol to absorb moisture. 


19.5 ISOLATION 


In practice, it is sometimes difficult to find an isolation point, such as a gate 
valve, to isolate a new subsystem to be tested from the rest of an existing piping 
system Inflatable plugs, IFigure 19-H top. can be used to isolate sections of low- 
pressure systems. They are commonly used to test water lines. 


High-pressure pipe stoppers, discs or pistons with neoprene seal, have been 
used to isolate sections for test pressures as high as 5000 psi, Figure 19-4. Line 
stops, Figure 19-4 bottom, can be inserted using hot taps fChapter 23)1 They have 
been used to isolate pipelines with diameter as high as 36” and pressures as high 
as 1000 psi. Plugs with inflatable seals have been used in subsea pipelines [Far- 
que]. 
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An alternative method for isolating liquid filled pipe sections is to form a 
freeze plug, by circulating liquid nitr ogen or Freon in coils or through a jacket 
placed around the pipe, as illustrated in i Figure 19-5J or by packing dry ice (carbon 
dioxide) in a cradle around the pipe. Precautions are in order to assure that (1) the 
plug will not fail at test pressure, (2) the frozen pipe will not fracture [EPRI, Bo¬ 
wen], and (3) the trapped liquid will not over-pressurize and burst the pipe. For 
these reasons, it is advisable to retain the services of a specialized contractors or 
certified technicians to perform the freeze plug. When the activity is complete, it 
will be necessary to thaw the freeze plug from the center towards the periphery so 
that the plug will not detach from the pipe wall while still under differential pres¬ 
sure, and be propelled down the line. 


19.6 LOCATING LEAKS UNDERGOUND 

Ideally, and as is often required by construction codes, the joints of under¬ 
ground pipelines should be kept uncovered during hydrostatic testing. But some¬ 
times a hydrostatic test is conducted with the line fully buried and leak detection 
becomes more difficult. In this case, the simplest way of detecting liquid leaks, is 
to inspect the ground surface along the route of the buried pipeline, on a dry day, 
looking for wet spots. Dye (for liquids) or odorant (for gases) can be added to the 
water to facilitate the detection of leaks at the ground surface. Tracer gas may be 
added to the hydrotest water and leaks detected by hand held sniffing probes at the 
ground surface or, for long pipelines, by a riding cart containing the sniffing 
probes [Tracer]. 

As an alternative to direct inspection of joints, the prediction of pump 
strokes required to reach the test pressure, starting with a water-filled line at at¬ 
mospheric pressure, can be compared to the number of pump strokes actually 
needed in the field to determine whether the line is leaking. 

Small digs can be made to locally expose the pipe, or manholes used to 
place listening devices to detect sound that will indicate leaks. To isolate the leak 
in a buried line, it may be necessary dig and cut the line at mid-point, and hy¬ 
drostatically test each half of the line. A leaking half would in turn be divided in 
two halves and the procedure is repeated until the leaking area is isolated. Alter¬ 
natively, a freeze plug may be used, as described section 19.5, to isolate pipe sec¬ 
tions. 


Small chronicle leaks in hydrocarbon pipelines can be detected by sampling 
hydrocarbon through a collection tube run next to the buried pipeline [Bryce]. In 
the same manner, leaks of toxic fluid can be detected by using double-containment 


Copyright © 2003 by Marcel Dekker, Inc. All Rights Reserved. 




piping (carrier or core pipe within an outer or jacket pipe) and sampling the vapor 
in the annular space between the inner and outer pipe [Ziu]. 
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20 

Degradation in Service 


20.1 A CRITICAL DECISION 

Correctly predicting degradation mechanisms, and selecting the proper ma¬ 
terials for the service is a critical decision in any project, large or small. The wrong 
decision will plague operations for years to come. 

Understanding corrosion mechanisms, let alone predicting future corrosion, 
is quite a challenge because corrosion depends on such a large number of vari¬ 
ables: the fluid inside the pipe, the atmosphere around the pipe, the temperature, 
the concentration of constituents in the fluid, the flow velocity, the amount of dis¬ 
solved oxygen, the phase (liquid, vapor, gas), the pH, the contaminants in the fluid 
(sometimes a few parts per million of a contaminant make a difference), the proc¬ 
ess condition (flowing, shutdown, wash, open to atmosphere, etc.), the metallurgy 
of pipe (fabrication process, grain type and size, heat treatment, inclusions, hard 
spots, etc.), the mechanical properties (strength, notch toughness), the condition of 
the weld and heat affected zone, the geometry (crevices, local turbulence, cavita¬ 
tion, etc.), the condition of coating and lining, the soil resistivity and cathodic 
protection in buried pipe, 

To help solve difficult corrosion questions and select the right material for a 
service, the engineer has several tools. First, the engineer will refer to company 
standards and pipe specifications that capture years of practical knowledge for a 
specific service. Second, the engineer may tap the industry’s knowledge by con¬ 
tacting colleagues at other facilities or through industry sponsored groups and re¬ 
search institutes such as the Electric Power Research Institute (EPRI), the Gas 
Research Institute (GRI), the American Gas Association (AGA), the Pressure Ves¬ 
sel Research Council (PVRC), the Materials Properties Council (MPC), the Edi¬ 
son Welding Institute (EWI), the American Petroleum Institute (API), the Nickel 
Development Institute (NiDI), etc. Third, the engineer may research industry stan- 
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dards, reports and guides published by societies such as the American Society of 
Mechanical Engineers (ASME), the National Association of Corrosion Engineers 
(NACE), ASM International, and the American Welding Society (AWS). Fourth, 
the engineer may contact material and component suppliers for advice on material 
selection (for example referring to a gasket supplier’s catalog in choosing a gasket 
material compatible with a certain service). Fifth, the engineer may secure the 
expert services of a consultant, an engineering company or a laboratory that spe¬ 
cialize in materials and corrosion. Last but not least, the engineer should continu¬ 
ously learn about materials and degradation through textbooks [ASM Handbook, 
Dillon, Galka, Landrum, Shackelford, Treseder, Van Droffelaar, etc.], and through 
publications and training seminars, in order to best assimilate and apply the infor¬ 
mation obtained from the other sources mentioned. 

In this chapter, we will review degradation mechanisms, grouped into eight 
categories: 

(1) General Corrosion. 

(2) Local Corrosion. 

(3) Galvanic Corrosion. 

(4) Erosion Corrosion. 

(5) Environmental Effects. 

(6) Microbiologically Induced Corrosion. 

(7) High Temperature Degradation. 

(8) Mechanical Damage. 


20.2 GENERAL CORROSION 


In the broadest sense, corrosion refers to the deterioration of a metal by 
chemical or electrochemical action (“corodere” in Latin is to “eat away”). General 
corrosion is an even and uniform deterioration in the form of wall thinning. It is an 
electro- chemical mec hanism, which, in the simplest terms, can be illustrated as 
follows (Figure 2041 : two different pieces of metal (for example a steel plate and 
a copper plate) are connected by a metal wire and immersed in a liquid solution 
(the electrolyte, for example hydrochloric acid HC1). Spontaneously, iron from the 
steel plate will go into solution (the steel corrodes away), while - in the case of an 
HC1 electrolyte - hydrogen gas is formed at the copper plate. 


We will see in a moment why this happens. For now, it is important to note 
that for corrosion to take place we needed a circuit consisting of the following four 
parts: (1) an anode (the steel plate), (2) a cathode (the copper plate), (3) an electri¬ 
cal conductor (the metal wire), and (4) an electrolyte (the HC1 solution). 
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Figure 20-1 A Corrosion Cell, with Anode (left) and Cathode (right) 

Next, we note that the two metal plates could also be two separate zones of 
the same plate. One area of the steel will be more “anodic” than another that acts 
as a “cathode”. This difference between anodic and cathodic regions of the same 
metal is the result of inevitable differences in grain structure, local chemistry, im¬ 
purities, heat treatment, cold working, and residual stress in the metal. In fact in a 
metallic plate there would be a multitude of small anodes and cathodes next to 
each other, Figure 20-2. The conductor between the two plates is the plate itself, 
and the electrolyte could be sea water, rain water, ground around buried pipes, an 
acid solution, etc. 



Figure 20-2 Multitude of Anodes and Cathodes 

If any part of the four-part circuit is removed, the corrosion mechanism 
would be arrested. For example, if the steel is painted, its surface is shielded from 
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the electrolyte, and corrosion is arrested. But if the paint is scratched and uncovers 
the bare metal, corrosion will proceed at that spot. 


20.2.1 Progressive Corrosion 

In progressive corrosion, the corrosion products are soluble or otherwise 
continuously removed into the fluid or atmosphere eliminating the protective bar¬ 
rier that shields the pipe against future corrosion. A classic example of progressive 
corrosion is bare (uncoated, unpainted) carbon steel pipe in aerated water (natural 
water at ambient conditions equilibrated with air contains 7 to 8 ppm of oxygen 
[ASM Handbook]). In this case, a corrosion cell forms between two areas of the 
bare steel pipe, in contact with the water, [Figure 20-2 At the anodic area of steel, 
iron atoms will lose electrons to become ions Fe ++ that go in solution (the iron is 
oxidized), while the electrons e' are released into the metal 


Fe —> Fe T+ + 2e' 


More generally, the anodic reaction produces positively charged metal ions 
and free electrons. The metal is oxidized. At the surface of the cathodic area, the 
electrons released from the anodic area combine with water and oxygen to form 
hydroxyl ions OH" 


4e' + 0 2 + 2 H 2 0 -» 4 OH' 

The hydroxyl ions will, in turn, combine with the oxidized iron Fe"^ to form 
ferrous hydroxide 


2 Fe ++ + 4 OH' -» 2 Fe(OH) 2 

The ferrous hydroxide precipitates as ferric salt (ferric hydroxide) Fe(OH) 3 
that is carried in solution. If dried, water will evaporate and the ferric hydroxide 
Fe(OH) 3 will turn to rust Fe 2 0 3 , the natural form of iron ore 

2 Fe(OH) 3 -► Fe 2 0 3 + 3 H 2 0 

What is important is the outcome: iron that was part of the pipe has been 
removed in the form of rust and the wall thickness has been reduced. Oxidation of 
iron (loss of electrons and increase in algebraic charge from Fe to Fe ++ ) took place 
at the anode. What happened at the cathode (the formation of hydroxide ion OH") 
is specific to the electrolyte environment. In our example, with water, hydroxide 
ions OH' are formed. If instead of aerated water we had an acid solution (for ex¬ 
ample HC1), then the cathodic reaction would consist in the formation of atomic 
hydrogen 
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H + + e' -» H 


The fact that the carbon steel was unprotected (no paint and no coating), 
leaves a large number of anodic areas exposed, and therefore the oxidation and 
dissolution of iron occurs over a large area, resulting in general and progressive 
corrosion and generalized wall thinning. 

If hydrogen accumulates around the cathode it will shield the cathode and 
reduce the corrosion rate. But if there is dissolved oxygen in solution, the oxygen 
will combine with the hydrogen and prevent this shielding effect [Dillon], 

20.2.2 Passivating Coating 

The second mode of general corrosion is the case where the oxide film 
is stable and stays attached to the metal surface, naturally forming a passivating 
coating. It does not erode or dilute away. A classic example of passivating coating 
is Cr 2 0 3 , the chromium oxide layer that forms at the surface of stainless steel. The 
chromium oxide is stable and protects the stainless steel from further generalized 
corrosion. This does not mean that the metal is immune to all forms of corrosion. 
The passive film can be penetrated by contaminants such as ferric chlorides, PVC 
or chlorides from marking materials. These penetrations constitute pitting initia¬ 
tion sites. For true corrosion resistance it is therefore essential to keep the stainless 
steel surface clean from contaminants. This can be achieved by cleaning with of 
petroleum-based solvents or non-toxic solvents [Hill]. High temperature scale 
formed during welding has lower corrosion resistance than the base metal and can 
be removed by chemical means with hydrofluoric and nitric acid, followed by 
rinsing (pickling [ASTM A 380]). The clean stainless steel surface then reacts 
with ambient oxygen to regenerate the passivating chromium oxide layer. This 
step is called passivation and is enhanced by nitric acid. After fabrication and in¬ 
stallation, acid-based cleaners such as phosphoric-based and citric acid-based sur¬ 
factants can be used to clean stainless steel surfaces in the field. 

Other stable oxides include A1 2 0 3 and Si0 2 . Iron oxide is also a protective 
oxide; hot iron (such as steel heated by a gas flame or coming out from a heat 
treatment furnace) reacts with ambient oxygen to form a black iron oxide layer at 
the surface. Unlike mst, the iron oxide layer FeO is a passivating coat that protects 
the iron from further corrosion. 


Fe -> Fe ++ + 2e' 
2e + O —> O 
Fe ++ + O " FeO 
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The tendency to form stable oxide layers is measured by a factor, the Pill- 
ing-Bedworth ratio [Shackelford]. For example, the following metals tend to form 
stable oxides: Copper, aluminum, silicon, chromium, and lead. Corrosion mecha¬ 
nisms are influenced by differences in fluid, temperature, concentration, PH, and 
flow rate. It becomes difficult to predict whether progressive corrosion will take 
place or a passivating coating will form. For example, the corrosion of carbon steel 
in wet H 2 S service results in the formation of a protective iron sulfide film 

Fe + H 2 S FeS + 2 H 

However, above a certain concentration of chlorides or ammonia in the fluid 
stream, flaky iron-ammonia compounds will form. They dissolve more easily and 
are not as protective as FeS. Corrosion will then progress deeper into the metal. 
This illustrates an essential, and vexing, aspect of corrosion engineering: the like¬ 
lihood of corrosion, its form, and its rate depend on the multitude of factors men¬ 
tioned in section 20.1. Despite obvious difficulties in predicting corrosion, the 
designer may find some generic corrosion rates in reference handbooks. For ex¬ 
ample, corrosion rates in sea water have been reported in the range of 3 to 13 
mils/year for carbon steel and 3 to 4 mils/year for 5Cr steels [ASM], Structural 
steel corrosion rates are reported in the following ranges: in rural areas 0.15 to0.30 
mils/year, in industrial areas 0.17 to 0.73 mils/year, in marine environment 0.37 to 
0.90 mils/year, and in severe marine environment 7 to 9 mils/year [ASM]. Be¬ 
cause of the many factors that influence corrosion rates, these are often analyzed 
and reported in a statistical manner, for example as a yearly corrosion rate vs. its 
probability of exceedance. A study of corrosion in oil and gas pipelines indicates a 
corrosion rate of the form [Worthingham] 

P - lO'** 

P = probability of exceedance of a corrosion rate X, 0 < P < 1 
a = factor that depends on the corrosion mechanism 
X - corrosion rate, mils/year 

For example, with a corrosion mechanism for which a = 3/5, the probability 
of exceedance of a corrosion rate of 5 mils/year is P = 10 4j/5)5 = 10' 3 . Interestingly, 
the same study indicates that the future corrosion rate will be faster in zones that 
are currently deeply corroded than in zones with little corrosion. With our nomen¬ 
clature, this means that factor a is smaller for deeper corrosion. In other words, we 
could have a = 2/5 for deep corrosion zones and a = 1 for light corrosion zones; a 
certain corrosion rate X (for example 5 mils/year) will be more likely in a deeply 
corroded zone (probability of exceedance of 5 mils/year is P = 10‘ f 2/5)5 = 10' 2 which 
is quite likely) than in the zone of shallow corrosion (P — 10" 1x5 = 10’ 5 which is 
unlikely). 
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20.3 LOCAL CORROSION 


Local corrosion is, as its name indicates, corrosion that occurs in small ar¬ 
eas. An example of local corrosion is pitting at points where coating has been ac¬ 
cidentally removed from a coated steel surface. The local loss of protective coating 
exposes a zone of metal (in itself a multitude of anodes-cathodes) to an electrolyte 
(for example rain water or soil); this permits corrosion to take place at that narrow 
bare metal surface. The loss of iron from the multitude of small anodes will cause 
the narrow and deep pits characteristic of pitting corrosion [Dillon], Localized 
corrosion is referred to as pitting if the metal loss is roughly as deep as it is wide. 
A pitting resistance equivalent (PRE) is sometimes used to rank the pitting corro¬ 
sion resistance of alloy steels, molybdenum and nickel alloys, where PRE is de¬ 
fined as 


PRE = %Cr + 3.3 %Mo + 16 %N 


Which leads to PRE of stainless steel 304 = 18, 304L = 18, 316 = 25.2, 317 
= 30.5; and for duplex steels 2205 - 33.5, 2505 = 37.3, 2507 alloy 100 - 41; and 
molybdenum alloys - 40 to 45; and nickel alloy 2000 = 76. 


Another common example of localized corrosion is crevice corrosion, for 
example at pipe-support contact points, under solid deposits in storage tanks, un¬ 
der name plates in outdoor vessels, at the interstices of a threaded joint, in the mi¬ 
nute gaps of a socket welded fitting, or at the inner diameter of a partially pene¬ 
trated girth weld. Crevice corrosion often takes place when the fluid in the crevice 
becomes depleted in oxygen, and the metal in the oxygen depleted zone is anodic 
relative to the metal in contact with the free flowing liquid. This effe ct is clearly 


illu strated by the oxygen concentration cell or differential aeration cell, Figure 20- 
I 3:l two identical steel electrodes are connected by a conducting wire and immersed 
in water. Nitrogen is bubbled around one steel electrode and oxygen is bubbled 
around the second steel electrode. The steel on the nitrogen side becomes anodic 
and corrodes relative to the steel on the oxygen side. The same happens at metal 
areas covered by solid deposits, the area covered by the deposit is starved of oxy¬ 
gen and becomes anodic (corrodes) relative to the surrounding uncovered metal 
that acts as a cathode. 


Crevice corrosion is a costly problem that must be avoided through good 
design details that exclude crevices. For example, when outdoor, a fiberglass edge 
can be placed between the pipe and a flat support surface to slightly elevate the 
pipe off the support surface, avoiding the formation of a pipe-support crevice 
space where rain water will accumulate. If local corrosion is due to base metal or 
weld defects, such as grooving corrosion in older pipelines, these must be re¬ 
moved. Metals, such as iron or nickel alloys, can be tested for susceptibility to 
crevice corrosion [ASTM G 79], 
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Figure 20-3 Oxygen Concentration Cell 

Local corrosion could be caused by poor base metal or weld quality. This is 
the case for cold stitched seams on older pipelines ['Chapter 31 These defective 
welds have been prone to selective localized corrosion in the form of deep 
grooves, referred to as grooving corrosion [Kiefner], 


20.4 GALVANIC CORROSION 


When two metals are electrically coupled through the same ele ctrolyte, the 


more anodic metal in the galvanic series for that particular electrolyte, Table 20-1 


will corrode [ASTM G 92], A galvanic series such as the one in Table 20-1 only 
holds true for its specific environment. While magnesium is anodic to steel in sea 
water, it is cathodic to steel in hydrofluoric acid. Placed in an electrolyte, the more 
anodic metal (least noble) will corrode in favor of the more cathodic (more noble) 
metal. This is for example the case if a copper plate (more noble, cathode) is cou¬ 
pled t o a carbon stee l plate (less noble, anode) through a wire, and immersed in sea 
water I (Figure 20- ll . As electrons are released from the carbon steel plate where 
iron oxidizes Fe —» Fe ++ + 2e\ they flow through the wire towards the copper 
plate. The current, which by convention flows opposite to the electrons, flows 
from the carbon steel plate towards the electrolyte. Cathodic protection is the 
means by which the corrosion of the carbon steel plate is countered in one of two 
ways: 


(1) An impressed direct current is forced to flow from the electrolyte (for 
example the ground in buried pipelines or the water in subsea pipelines) towards 
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the carbon steel and copper plates. The carbon steel acts as a cathode and does not 
corrode. This is the principle of impressed current cathodic protection. 

(2) The carbon steel plate is connected to an even less noble (more anodic) 
metal, such as magnesium or zinc. This is the principle of sacrificial anodes. The 
magnesium or zinc metal is sacrificed (corrodes away) to protect the relatively 
more noble carbon steel. Galvanic protection of carbon steel is based on the same 
principle: zinc, which is more anodic than steel, is applied as coating to steel, and 
will corrode first, forming a stable zinc oxide protective coat. 

Table 20-1 Galvanic Series in Sea Water. _ 

Anodic (less noble) 

Magnesium 
Magnesium alloys 
Zinc 

Galvanized steel 
Aluminum alloy 5052 
Cadmium 

Aluminum alloy 2024-T4 
Low carbon steel 
Wrought and cast Iron 
410 stainless steel (active) 

50-50 lead-tin solder 
304 and 316 Stainless (active) 

Lead 

Tin 

Some Copper alloys 
Nickel 200 (active) 

Inconel alloy 600 (active) 

Brass, Bronze 
Inconel 600 
Some Copper alloys 
Monel alloy 400 
Nickel and Inconel (passive) 

302, 304, 321, 347, 410 Stainless (passive, intact oxide film) 

Ni - Cu alloy 
Inconel 625, Hastelloy C 
316, 317 Stainless (passive) 

Silver 
Titanium 
Gold, Platinum 

____ Graphite - Carbon ____ 

Cathodic (most noble) 
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20.5 EROSION CORROSION 


Erosion is the abrasion of the inner diameter of the pipe caused by the im¬ 
pingement of suspended solids in a flowing liquid, or the impingement of sus¬ 
pended liquid droplets in flowing wet steam or gas. If erosion is accompanied by 
corrosion, the passivating corrosion layer is eroded and entrained into the flow, 
exposing new material for further corrosion. 

Erosion corrosion (flow accelerated corrosion) has received much attention 
in the power industry as a result of failures in steam piping [EPRI]. The factors 
that cause erosion are (a) suspended solid particles in liquid or liquid droplets in 
steam or gas, (b) high velocities (in the order of 10 ft/sec for liquid service in steel 
and 3 ft/sec in copper tubing), and (c) local flow turbulence. 

Erosion can also be caused by cavitation, which is the formation of vapor 
bubbles at the center of turbulence vortices in liquid lines, and the subsequent 
collapse of the vapor bubbles. Therefore, cavitation tends to form where the liquid 
pressure drops below vapor pressure, such as downstream of an orifice, an elbow, 
or an improperly sized control valve [ISA]. 

The best solution to erosion and cavitation is to eliminate its cause. This 
may require changes to valves, bends, orifice plates, layout or flow rate. For ex¬ 
ample, a common practice to reduce the likelihood of erosion is to provide 5 to 10 
diameters of straight pipe downstream of an orifice, a bend or a control valve. An¬ 
other solution is (1) to use an erosion resisting alloy such as type 440C stainless 
steel, or (2) to line the pipe with a hard material that resists abrasion or erosion, for 
example by painting or spraying the inner surface with an epoxy-ceramic mix or 
hard facing with cobalt based alloys (such as Stellite™), tungsten carbides, or high 
chromium alloys. Materials can be tested to measure their susceptibility to erosion 
[ASTM G 32]. 

Fretting is wall thinning by erosion due to vibratory friction between two 
surfaces in contact. 


20.6 ENVIRONMENTAL EFFECTS 


The term environmental effects encompasses a number of corrosion mecha¬ 
nisms that are specific to a certain metal in a certain environment. They are most 
often cracking mechanisms. An example of environmental effect is preferential 


corrosion along grain boundaries, referred to as intergranular corrosion. Figure 20- 


0A classic example of intergranular corrosion occurs with austenitic stainless 
steel: during heat-up or cool-down of stainless steel (for example during mill fab¬ 
rication or welding), as the metal traverses the range of temperatures between ap- 
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proximately 700°F and 1500°F, carbon at the grain boundaries precipitates as 
chromium carbide, depleting the grain boundaries of much of their chromium. The 
steel is said to be sensitized. As this sensitized metal is now placed into service, 
the chromium-depleted grain boundary becomes a preferential area of corrosion in 
specific environments like sulfuric or phosphoric acids, acetic and formic acids, 
and high chloride waters such as sea water. The intergranular corrosion proceeds 
in the form of a multitude of cracks along the grain boundaries. If left undetected, 
these intergranular cracks will propagate through the wall and result in through- 
wall leakage or rupture of the pipe or component, with no loss of wall thickness 
and little advance warning. Austenitic stainless steels can be tested for susceptibil¬ 
ity to intergranular corrosion [ASTM A 262, ASTM A 708]. Specimens of stain¬ 
less steel are immersed in various boiling acid solutions, and then examined to 
detect any sign of intergranular attack. To prevent sensitization of stainless steel, 
the metal can be solution annealed and then rapidly cooled (quenched) through the 
sensitization temperature range (1500°F down to 700°F) to avoid the precipitation 
of chromium carbides. Sensitization of stainless steel can also be reduced by the 
addition of titanium or columbium which will cause titanium or columbium car¬ 
bides to precipitate instead of chromium carbides. This is the case for austenitic 
stainless steel types 321 (titanium stabilized) or 347 (columbium stabilized). The 
effects of sensitization can also be reduced by reducing the carbon content, for 
example down to 0.03% or less. Duplex stainless steel (austenitic-ferritic steel) is 
particularly resistant to intergranular corrosion. As an alternative, if the operating 
service temperature permits, a PTFE (Teflon R ) or glass liner may be used to shield 
the metal from the electrolyte. 



Figure 20-4 Illustration of Intergranular Corrosion 

Stress corrosion cracking is environmental cracking that takes place in the 
presence of tensile stresses in the material. It may be intergranular (IGSCC) or 
transgranular (TGSCC). 
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Intergranular stress corrosion cracking (IGSCC) is a form of environmen¬ 
tally assist ed cracking (E AC) in which degradation takes place along the grain 
boundaries I (Figure 20-411 under the combined effect of tensile stress (or cyclic 
tensile stresses) and a corrosive environment. The tensile stress could be the result 
of hoop stresses due to internal pressure, or residual tensile stresses from welding. 
Examples of IGSCC include steel in the bleach stock environment of pulp and 
paper plants, steel in nitric acid or sulfuric acid service, steel in aqueous alkaline 
solutions (pH 8 to 11) containing H 2 S and C0 2 particularly in zones of high hard¬ 
ness, steel gas pipelines in high PH (9 to 13) and warm environment (close to 
100°F downstream of compression stations). Some nickel alloys are susceptible to 
intergranular corrosion by HC1, H 2 S0 4 , alkaline solutions (caustic NaOH and 
KOH). Aluminum alloys are also susceptible to intergranular corrosion in H 2 S, 
S0 2 , and marine environments. 

Transgranular cracks are cracks that do not follow the grain boundaries, but 
instead tend to follow certain crystallographic planes, cutting through the grains, 
Figure 20-5. A classic example of trans-granular cracking is corrosion-fatigue 
cracking, in which the crack progresses in the direction perpendicular to the ap¬ 
plied cyclic fatigue load, regardless of the grain orientation. The progression of 
fatigue cracks is further accelerated in the presence of a corrosive atmosphere be¬ 
cause (a) the fatigue crack acts as a narrow crevice, and (b) the cyclic stress con¬ 
tinuously drives the crack, exposing fresh metal (non-passivated by an oxide layer) 
to the corrosive environment. 



Figure 20-5 Illustration of Transgranular Corrosion 

Transgranular cracks can also develop as a result of corrosion, such as caus¬ 
tic attack of type 316 stainless steel tubes operating at 500°F. In one case, a colony 
of branched trans-granular cracks were caused by sodium hydroxide (NaOH) at¬ 
tack of steel, which had to be replaced by a nickel alloy. 
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Transgranular cracking can also be accelerated in the presence of tensile 
stresses, leading to trans-granular stress corrosion cracking (TGSCC) [Jones]. 

Trans-granular stress corrosion cracking in stainless steel can also be due to 
external chlorides, from insulation, rain water or process fluid deposited on the 
pipe surface, particularly on warm pipes (temperature between 150°F and 212°F). 

Another example of trans-granular cracking is that which develops in carbon 
steel in the presence of wet H 2 S [NACE TM 0177, NACE TM 0284], Figure 20-6. 
This cracking occurs in two forms: (a) sulfide stress cracking (SSC) in the pres¬ 
ence of tensile stresses, (b) hydrogen induced cracking (HIC) in which atomic 
hydrogen diffuses into the steel, forming blisters and cracks along the direction of 
steel plates. When HIC cracks are closely clustered they can become intercon¬ 
nected and look like steps (step oriented hydrogen induced cracking or SOHIC). 



Wet H 2 S cracking has been linked to zones of high hardness or high residual 
stresses for example in carbon steel or low alloy steel welds which are not post¬ 
weld heat treated; damage increases with hydrogen concentration and in the pres¬ 
ence of cyanides [API 945]. Special resistant steels have been developed for wet 
H 2 S service. They are characterized by low oxygen and sulfur contents (below 
0.002%). While sulfide stress cracking is mostly trans-granular, it has also been 
detected in intergranular form. 


20.7 MICROBIOLOGICALLY INFLUENCED CORROSION 


Microbiologically influenced corrosion (MIC) is corrosion caused or accel¬ 
erated by micro-organisms (bacteria, fungus, algae, plankton). There is a multitude 
of bacteria species, some are anaerobic (do not require oxygen) others are aerobic 
(require oxygen). They accelerate corrosion in many ways; for example (a) creat¬ 
ing anodic regions, (b) causing cathodic depolarization, and (c) leading to under¬ 
deposit acid attack. MIC appears as a slimy depo sit, which - w hen washed away - 


unveils deep pits caused by the micro-organisms, Figure 20-7 
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In the case of anodic reactions, the environment under the colony of micro¬ 
organisms becomes anodic compared to the rest of die system, causing corrosion 
to proceed as deep pits through the pipe wall. For example aerobic bacteria causes 
the depletion of oxygen and formation of sulfuric acid 

2 S + 3 0 2 + 2 H 2 0 -» 2 H 2 S0 4 

Sulfide producing bacteria causes the formation of iron sulfides 

4 Fe + + S0 4 ' + 4 H 2 0 -> 3 Fe(OH) 2 + FeS + 2 OH' 

In the case of cathodic depolarization, sulfide-reducing bacteria consume 
hydrogen from cathodic regions, thereby accelerating the cathodic reaction and 
corrosion by eliminating hydrogen as it is formed. 

In the case of under-deposit acid attack, the micro-organisms generate and 
concentrate acetic acid that corrodes the pipe. 

Most bacteria develop in stagnant or low flow systems (below approxi¬ 
mately 3 ft/sec), in a neutral environment (pH between 4 and 8), and warm tem¬ 
peratures (70°F to 120°F). These conditions are prevalent in crevices, under dis¬ 
bonded coatings, in low flow cooling water lines, or in stagnant water-filled fire 
protection sprinkler pipes. 

MIC can be detected by visual internal inspection, the colonies appearing as 
slime or small tubercules. There are quantitative methods to sample, characterize 
and count microbial colonies [Huchler]. Once the microbes are removed and the 
surface is cleaned, the damage becomes evident, in the form of heavy pitting and 
wall thinning [Jones, ASM]. 

To prevent MIC one must avoid using untreated water under stagnant, warm 
conditions. Removing MIC once it has taken place requires thorough cleaning to 
remove bacteria colonies attached to the pipe wall, followed by treatment with 
biocides. Larger organisms, such as muscles and mollusks, also tend to accumu¬ 
late in relatively warm waters at low flow rates, such as the intake structures of 
cooling water systems. [AU: please make sure your original meaning is intact in 
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following sentence.]The flow area is reduced because it is fouled by these larger 
organisms, which are the starting sites for MIC. Periodic cleaning and mechanical 
removal, as well as chemical treatment (with bleach or chlorine), become neces¬ 
sary. 


Biocides are commonly used to fight MIC. The biocide is selected based on 
tests of micro-organism cultures, chemical and PH tests of fluid, analysis of the 
metal surface, and soil analysis in the case of external MIC in buried pipe. Mate¬ 
rial selection is also an important consideration in the presence of MIC; for exam¬ 
ple in stainless steel systems, the use of austenitic stainless steel with 6% molyb¬ 
denum (6 Mo steel) will generally prove more resistant to MIC. 

20.8 HIGH TEMPERATURE EFFECTS 

Above 30% to 50% of a steel’s melting temperature (and 50% for nickel 
alloys) creep takes place. Creep is a complex phenomenon that depends on many 
variables, such as the metal chemistry, heat treatment, and hardness. Creep mani¬ 
fests itself in two ways: through metallurgical changes a nd through mechanical 
changes. The mechanical changes have been addressed in | Chapter 7. | The metal¬ 
lurgical changes can cause bulging of the pipe wall or the formation of creep 
voids. Microscopic creep voids tend to form in base metals, welds and heat af¬ 
fected zones. Over time, the creep voids will coalesce into macro-cracks. There is 
typically a relatively long incubation period, during which micro-cracks form (in 
the order of 4 mils), followed by crack growth. During the long incubation period, 
the micro-cracks are difficult to detect by conventional ultrasonic testing. 

Creep typically takes place during long operating periods at or above 750°F 
for carbon steel, 900°F for Cr-Mo steels, and 1050°F for series 300 stainless steels. 
The creep temperature may be 30°F lower for weldments. Creep has caused cata¬ 
strophic failures of longitudinal seams of steel pipes in high-pressure steam sys¬ 
tems in power plants. These failures have lead to extensive ultrasonic angle beam 
inspections of longitudinal seam welds, followed by repair or replacement, in 
some cases replacing the seam welded pipe by a seamless pipe. Additional means 
for detecting creep include gages used to detect any bulging of the pipe diameter, 
hardness readings or infrared thermography. These detection techniques are fur¬ 
ther complicated if there are scale deposits on the pipe inner diameter causing hot 
spots. Creep may also take place in conjunction with corrosion. 

Another high temperature effect is graphitization. Between 900°F and 
1100°F the iron carbides contained in some carbon steels and low alloy C-Mo 
steels will decompose, releasing carbon in the form of free graphite nodules that 
are random or in preferential directions. This graphitization significantly reduces 
the steel’s mechanical properties. Spheroidization is a similar mechanism to 
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graphitization, that tends to occur in some C-Mo and Cr-Mo steels, in which car¬ 
bides combine into small spheres during prolonged service between 900°F and 
1400°F. 

Temper embrittlement is a loss of toughness in low alloy steels that can oc¬ 
cur during long term exposure at temperatures in the range of 600°F to 1100°F, 
particularly in the presence of elements such as phosphorous, antimony or arsenic. 
A similar loss of toughness occurs in ferritic and duplex stainless steels between 
600°F and 1100°F, and is referred to as 885°F embrittlement. Yet another similar 
mechanism, referred to as sigma phase embrittlement, can occur in austenitic 
stainless steels between 1000°F and 1700°F. 

High temperature corrosion is an accelerated form of corrosion, such as 
chlorine and hydrogen chloride corrosion, further aggravated by the low melting 
point of certain corrosion products. 

Because carbon steel is susceptible to high temperature effects, alloy steels 
are used in such applications, for example 1.25Cr - 0.5Mo steels and, above 
1500°F, 5Cr or 9Cr steels. Stainless steels are also used to 1500°F but their 
strength tends to be low. Instead, high alloys (25Cr - 20Ni) with high carbon 
(0.4% C) are used for temperatures in excess of 1500°F. For high-temperature 
hydrogen service, the Nelson curves [API 949] provide guidance for the selection 
of lCr - V 2 Mo, up to 6Cr - V 2 Mo, and 18-8 stainless steel, depending on factors 
such as operating temperature and partial pressure of hydrogen. Nickel alloys, in 
addition to having good corrosion resistance in many environments, maintain good 
mechanical properties at high temperature; Inconel™ alloy 601 is used in furnace 
tubes, alloy 617 is used in gas turbines, Haynes™ alloy 230 is used in high tem¬ 
perature petrochemical and power applications. Titanium alloys (ASTM B 337 
pipe and ASTM B 363 fittings) also have good high temperature corrosion resis¬ 
tance and strength, and are much lighter than steel. 

20.9 MECHANICAL DAMAGE 

A pipe can be mechanically damaged during transport, construction, while 
in-service, or during maintenance. Mechanical damage can take the form of acci¬ 
dental bends, buckles (surface ripples), dents (deformation of the cross section), 
gouges (sharp, knife-like groove), or fatigue cracks. 

Dents and gouges are particularly dangerous in high-pressure service, such 
as oil and gas transmission pipelines, where the hoop stress is in the order of 50% 
or more of the yield stress. Dents and gouges can be formed during construction or 
through encroachment by excavation equipment (third party damage) or, offshore, 
by a ship’s keel or anchor. Encroachment is the single largest source of pipeline 
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failures, with 80% of the failures occurring at the instant of damage (when the 
pipeline is hit) and 20% of the failure occurring later [Rosenfeld]. Encroachment 
damage can take several forms: first, the impact can be so severe that the pipeline 
is punctured. Second, the sharp gouge formed by impact acts as a stress riser. 
Third, the impact spot is a locally cold worked zone with, in some cases, a transfer 
or welding of the tool’s metal onto the pipe surface. Fourth, the pipe wall at the 
dent tends to bend and breathe radially in and out as the pressure in the pipeline 
fluctuates, eventually causing it to rupture by fatigue [API 1156]. Fifth, the impact 
causes the coating to be scraped off the pipe, resulting in accelerated localized 
corrosion or cracking. Dents and gouges are also caused during pipe lying if the 
pipe bears against a rock in the ditch, with the weight of the pipeline and soil 
above it. A rock dent is usually at the bottom of the pipe and causes a more 
rounded deformation of the pipe cross section than an encroachment dent. If the 
rock remains wedged under the dent, it will constrain the pipe wall against 
breathing, which is generally preferable to an unconstrained dent, particularly in 
liquid pipelines where pressure fluctuations are significant. High-resolution in¬ 
line-inspection tools are used to help differentiate between an encroachment dent 
and a rock dent. In process piping, where the hoop stress (PD / 2t) is not as large 
as in pipelines, dents and gouges are not as critical, and can be evaluated for con¬ 
tinued service [API 579] or ground smooth if the remaining wall thickn ess after 
grinding is larger than required by the construction code, as described in i Chapter"! 

m 


Another form of mechanical damage is the accidental bending of a pipe. In 
this case, the pipe may be left as-is or repaired as described in Chapter 23. 

Mechanical fatigue, like temperature-induced fatigue If Chapter Til is the 
initiation and propagation of a crack under cyclic stresses. The damage will be 
accelerated in the presence of corrosion (corrosion fatigue). When the material 
contains a pre-existing fabrication crack, then the crack initiation period is non¬ 
existent, and fatigue will tend to propagate the crack through the wall. If the mate¬ 
rial does not contain a pre-existing crack, the cyclic stress - if sufficiently large 
(above the endurance limit) - will initiate a transgranular crack along the planes of 
maximum shear stress, and the crack will evolve eventually to propagate in a di¬ 
rection perpendicular to the maximum tensile stress. Two things can happen at this 
point: if the crack size and material toughness are such that the applied stress in¬ 
tensity exceeds the fracture toughness of the material, the crack will cause the 
component to suddenly fracture. If the material is sufficiently tough, the crack will 
progress through the wall and eventually leak when the remaining wall ligament 
breaks. The latter case is what is referred to as leak-before-break. 
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20.10 LINING AND COATING 


20.10.1 Properties 

Lining the internal diameter of a pipe or coating its outer diameter is a 
common technique for corrosion protection. The objective is to shield the metal 
from the electrolyte (air, water, soil, process fluid). 

When selecting a liner or coating, a set of performance objectives should be 
established, and verified through testing, as listed in Table 20-2. 

Some cautions regarding standard properties are in order. By necessity, 
many of the standard properties are established from tests of relatively short dura¬ 
tion, and then lifetime performance, 30 years or more, are determined by extrapo¬ 
lation. 


Another question is whether field coating (such as used to coat field welds 
and repairs, often applied in the presence of wind, dust, humidity, insects, etc.) is 
as good as the mill applied coating. Coating or liner failures have often been at¬ 
tributed to insufficient or improper surface cleaning. 


Table 20-2 Standard Properties of Liners and Coatings. 


Compressive Strength 
Hardness 

Tensile Modulus and Strength 
Water Absorption 
Thin Film Water Absorption 
Dielectric Strength 
Permeation 

Resistance to Acids and Alkalites 
Solvent Resistance 
Temperature Resistance 
Heat Emisivity 
Adhesion 

Cathodic Disbondment 
Impact Resistance 
Flexibility 
Abrasion Resistance 
Wear Abrasion 
Drying Time 
Weather Exposure 


ASTM C 109, ASTM D 695 
ASTM D 2240 
ASTM D 638 

ASTM C 642, ASTM B 117, D 879 
ASTM D 570 
ASTM D 229 
ASTM D 1653 
ASTM C 581 
ASTM D 2792 
ASTM D 2488 
ASTM E 307 
ASTM D 4541 
ASTM G 8, ASTM G 42 
ASTM G 14 

NACE RP 0394, ASTM D 1622 
ASTM C 131, ASTM C 1900 
ASTM D 4060 
ASTM D 1640 
ASTM D 1014, ASTM D 822 


Copyright © 2003 by Marcel Dekker, Inc. All Rights Reserved. 




20.10.2 Liquid Organics 

Until the early 1800’s, substances made from human or animal organs were 
considered to have a special origin or vital force, and were labeled organic. Today, 
organic chemistry is the study of compounds of carbon, whether natural or syn¬ 
thetic. Liquid organic coatings are compounds of carbon, mixed with other ele¬ 
ments, and applied in brushed, rolled or sprayed form, in single or multiple layers. 

The most common liquid organic material is paint, lacquer and enamels, 
consisting of alkyd resins made from oils, mixed with pigments to provide color 
and protection against sunlight, and a volatile thinner and applicant. They are good 
for weather resistance and fair for acid and water resistance. 

Epoxies are polymers (synthetic macromolecules consisting of a repeated 
structural unit or “mer”, made from carbon, hydrogen, oxygen or nitrogen). They 
are thermosetting, which means that they set and become more rigid when heated. 
They are mixed with pigments and a curing agent that causes the epoxy to become 
tighter and more chemically resistant. Fusion bonded epoxy was first introduced in 
the 1950’s. To apply fusion-bonded epoxy, the pipe is blast cleaned and heated. 
Epoxy is applied to the pipe OD or ID (using remote controlled spray devices if 
necessary), and heated again to thermoset in layers several mils thick. Epoxies can 
be mixed with ceramics to improve their erosion resistance. 

Coal-tar epoxies and coal tar enamels are epoxies and enamels with coal tar 
filler that improves their moisture and microbial resistance. Coal tar is a by¬ 
product of the carbonization of coal. It is applied hot to a blast cleaned pipe sur¬ 
face. Coal tar enamels are applied at temperatures close to 400°F, under controlled 
ventilation because of the release of volatile organic compounds or VOC down to 
200°F. Coal tar enamels have been used since the 1920’s and have covered thou¬ 
sands of miles of pipelines. They are commonly used underground and if used 
above ground they must be wrapped to be protected from solar radiation. 

Asphaltic bitumen is a dark, viscous aggregate of hydrocarbon, mixed with 
sand and fillers, which adheres well to the pipe and is waterproof. 

20.10.3 Multilayer Coating 

In their simplest form, multilayer coatings consist of an adhesive, a corro¬ 
sion resistant inner layer and a tough, wear resistant outer layer. There is a multi¬ 
tude of choices in multiplayer coatings: 

Epoxy-urethane coatings consist of a urethane polymer (toughness and abra¬ 
sion resistance) bonded to an epoxy resin (adhesion and moisture barrier). 
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Epoxy-adhesive-polyethylene is a three-layer coating applied to a cleaned 
pipe surface, induction heated to about 400°F, the epoxy primer is sprayed first, 
followed by the wrapped adhesive layer, and covered by a polyethylene outer 
jacket. 

Epoxy-coal tar enamel-fiberglass-wrap is a four-layer coating, with the ep¬ 
oxy applied as the first layer, followed by a thick coat of coal tar enamel, in the 
order of 100 mils, a fiberglass wrap, and finally Kraft paper to protect the coating 
from ultraviolet exposure [Johnson]. 

Epoxy-polymer-concrete is a three-layer coating, much lighter than a con¬ 
crete coat, used to protect fusion-bonded epoxy against abrasion and impact. 

20.10.4 Metallic Coatings 

The most common metallic coating is galvanized zinc coating applied to the 
surface of carbon steel pipe, to protect the pipe against atmospheric corrosion. The 
zinc is applied by immersion (hot dipped) or by electroplating, and may be alloyed 
with aluminum for further corrosion resistance. Cladding is the deposit, often by 
weld overlay, of a metal, typically an alloy, atop a base metal. For example, stain¬ 
less steel is deposited on the inner surface of a carbon steel vessel to provide cor¬ 
rosion resistance while minimizing the vessel’s cost compared to an all-stainless 
vessel. Another common example of cladding is the deposit of a high chromium 
alloy on valve internals to improve their wear resistance. 

20.11 CORROSION INHIBITORS 

There are two types of corrosion inhibitors: (a) inhibitors that alter the 
chemistry of the process stream, and (b) inhibitors that form passive films or en¬ 
hance naturally occurring passivating films on the pipe surface. Chemical deaera¬ 
tion (removal of dissolved oxygen) is an example of inhibition by modifying the 
chemistry of the process stream. In hot water and steam service it is often neces¬ 
sary to eliminate dissolved oxygen from water to maintain the stability of the pas¬ 
sivating magnetite film Fe 3 0 4 thereby reducing the rate of corrosion. This can be 
achieved by the addition of sodium sulfite or hydrazine (above 600°F) to deaerate 
the water [Jones]: 


Na 2 S0 3 -b Vi 0 2 —i Na 2 S0 4 
N 2 H 4 + 0 2 -> N 2 + 2 H 2 0 

Inhibitors that act by forming or improving passivating films include chro¬ 
mates (further enhanced by the addition of zinc), calcium and silicates in carbon 
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steel or cast iron recirculating water systems; phosphates and borates in carbon 
steel system at near neutral PH. 


20.12 MATERIAL SELECTION 

It is clear from the many considerations discussed so far in this chapter that 
corrosion depends on so many factors that it can be difficult to predict. Because of 
this complexity, material selection must based on a company’s experience, con¬ 
sultation with corrosion engineers, reference to national standards and guides 
(NACE, API, etc.), and specific material-environment testing. |Chapter ll provides 
a list of NACE references, and many excellent guides and handbooks have been 
published on the subject of corrosion control and material selection, some are 
listed in the reference section of this chapter. 
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21 

Fitness-for-Service 


21.1 FITNESS-FOR-SERVICE 

Fitness-for-service may be defined as the quantitative analysis of the ade¬ 
quacy of a component to perform its function in the presence of a defect. Fitness- 
for-service is a technique used to make safe and cost-effective run-or-repair deci¬ 
sions. “It may be contrasted with the best quality that can be achieved within a 
given set of circumstances, which may be inadequate for some exacting require¬ 
ments, and needlessly uneconomic for others which are less demanding” [Wells]. 

For piping, pipe fittings and components, the defect may be (1) a pipe mill 
defect (base metal or seam weld defect such as a lamination or a crack), (2) a 
transportation defect (rail, truck or handling induced fatigue or impact damage), 
(3) a construction defect (shop or fie ld handling joining, welding or erection 
flaw), (4) degradation during operation If Chapter 20j The latter includes (a) corro¬ 
sion induced defects such as wall thinning, environmental cracking, or blistering 
(b) fatigue due to cyclic loads, sometimes aggravated by corrosion, and (c) acci¬ 
dental defects such as a dent, gouge or distortion. 

The first three types of defects (pipe mill, transportation and construction 
defects) should be detected during construction, pre-operational testing and com¬ 
missioning, before the system is turned-over to the operating department. These 
defects will then be evaluated using construction code acceptance criteria that are 
based on workmanship standards, typically more restrictive than those based on 
fitness-for-service analysis. But if these defects are missed during the construction, 
commissioning and turnover phase, and later discovered during service, the owner 
- with concurrence from the jurisdictional authority, where applicable - may elect 
to characterize and evaluate each defect using fitness-for-service analysis. 
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For the purpose of evaluating the fitness-for-service of a pipe component, 
degradation can be viewed as illustrated in Figure 21-1. Significant degradation in 
service may be detected by periodic inspection, or may proceed undetected. The 
continuing degradation may lead to a leak or a rupture (fracture with separation of 
the pipe). Fitness-for-service is the understanding and prediction of this progres¬ 
sion, with the purpose of making a safe and cost-effective run-or-repair decision. 
Fitness-for-service analysis also makes it possible to predict the failure mode: leak 
or break. 

In addition to pitting, wall thinning and cracks, there are mechanical defects 
uniquely important to piping systems operating at large hoop stress, in the order of 
50% or more of yield, such as oil and gas transmission pipelines. These mechani¬ 
cal defects are: dents (deformation of the circular cross section), gouges (sharp 
groove), ovality (flattening of circular cross section into a slightly elliptical shape), 
buckles or wrinkles (one or more kink or wave on the compressive side of a bend), 
and ripples (mild buckles or wrinkles). 



Figure 21-1 Progression of Degradation Mechanisms 
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21.2 WALL THINNING 


21.2.1 Measurement 

If erosion or corrosion have caused wall thinning, it becomes necessary to 
evaluate the integrity of the remaining wall and decide whether the pipe is still fit 
for continued service. If the measured remaining wall thickness, minus the pro¬ 
jected future thinning, exceeds the minimum wall required by the applicable de¬ 
sign code, then the piping system would be fit for continued service. But if the 
measured wall thickness, minus the projected future thinning, is less than the 
minimum required by code, a fitness-foi-service analysis is needed to decide 
whether to continue operation as-is, continue operation at a reduced pressure, plan 
for a later shutdown, or immediately shutdown and repair. To perform such an 
analysis, the following parameters must first be determined: the nominal wall 
thickness of the pipe the minimum thickness required by code t^, the meas¬ 

ured minimum wall thickness tmm, the longitudinal extent of wall thinning L M , 
shown in Figure 21-2, and the circumferential extent of wall thinning. 



Figure 21-2 Measured Length of Wall Thinning 

The measurement of t,™ poses the first difficulty in this evaluation process. 
In case of internal corrosion, it can be difficult to pinpoint the area of most corro¬ 
sion, where thickness should be measured. Ideally, the whole line should be in¬ 
spected, this is for example the case with in-line inspection of pipelines using 
smart pigs, as described i n Chapter 16.1 In many cases it is not feasible to inspect a 
whole piping system, and inspection must be limited to a few specific areas [API 
570, API 574]. In this case, the selection of areas to be inspected may be based on 
a visual examination of the pipe using a borescope to inspect the inside of the pipe 
and visual inspection of the outside of the pipe. The selection of inspection loca¬ 
tions should be based on the understanding of the degradation mechanism, experi¬ 
ence with similar service, a review of maintenance records and prior history of 
leaks or repairs. 
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When in doubt, the inspected area should be made as wide as practically 
feasible. The longitudinal and circumferential extent of corrosion (the corrosion 
profile or topography) must also be measured, up to a region where the wall is 
back to its nominal thickness. The future corrosion allowance FCA must be esti¬ 
mated; this is the amount of corrosion predicted to occur between this inspection 
and the next one. Wall thinning is typically characterized (extent and depth) by 
straight beam ultrasonic inspection and (for pipelines) my magnetic flux leakage. 
The outcome of this inspection would be an inspection report in the form of a pro¬ 
file of the remaining wall (B-scan) or a topographical projection (plan view) with 
contours of equal wall thickness (C-scan). External pitting can be measured with a 
pit gauge, a depth micrometer or a laser range sensor [Kania]. 

21.2.2 Ductile Fracture Initiation 

The fitness-for-service evaluation of wall thinning in piping systems and 
pipelines applies to either ductile or brittle fracture. With ductile fracture initiation, 
the pipe bulges outward at the thinned wall area, undergo ing substanti al plastic 
deformation, before eventually failing by longitudinal split, ! Figure 21 -l| case (b). 
Brittle fracture takes place with little deformation and little, if any, plasticity. 

21.2.3 Longitudinal Thinning 

There are several methods to evaluate the fitness-for-service of local thin areas in 
ductile materials [API 579, ASME B31G, ASME CC N-513], The ASME B31G 
procedure has been commonly used for pipelines since the 1970’s. It is based on 
the hoop stress at ductile fracture in the remaining ligament under the corroded 
area, Figure 21-3 [Folias, Maxey], 



Figure 21-3 Parameters for B31G Evaluation 

If L is the length of corrosion and if L 2 /(Dt) < 20, the hoop stress at ductile fracture 
is 


S =S„ 


i-a/a 0 

! A / A , 

M 
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M = 



0.8L 2 

Dt 


S P = hoop stress at ductile fracture, psi 
Sfiow = flow stress of the material, psi 
A = thinned cross sectional area, in 2 
A 0 = nominal cross sectional area, in 2 
M = Folias bulging factor 

If L 2 /(Dt) > 20 (or A > 4 in the nomenclature of ASME B31.G, with A = 
0.893L/(D t) 2 ), the hoop stress at ductile fracture is the flow stress in the pipe as¬ 
sumed to have uniformly lost a thickness d, all around the circumference 

Sp - Sfl ow (1 - d/t) 


D - Pipe diameter, in 
t = nominal pipe wall thickness, in 
d = depth of penetration of corrosion, in 

If the corroded area is approximated by a parabola of area A = 2/3 (d t), and 
if the flow stress is defined as the yield stress plus 10%, Sfl OW - U S Y , then failure 
will occur during a hydrotest conducted at a hoop stress of 100% S Y if 


PhydroP 

2t 


= S Y =1.1S Y 


1 — (2/3)d 
1 (2/3)d 
M 


By substituting M, we obtain the maximum permissible length of corroded area if 
L 2 /(Dt) < 20 (what in ASME B31G is written as A < 4) 


L = 1.12V5tJf- - -] “1 

\^l.l(d/t)-0.15 ) 

This ASMEB31G equation can be represented by an acceptance curve, as 
shown in Figure 21^4] Measured wall thinning of depth d and length L that falls 
beneath the acceptance curve in Figure 21-4 would be acceptable, provided the 
projected future corrosion would not place it above the curve. Here, acceptable 
means that the flawed pipe can withstand a hydrostatic test at a pressure given by 
P H D/(2t) = S Y . 
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Figure 21-4 ASME B31G Acceptance Curve 

The same ASME B31G rule can be written in terms of maximum safe 
working pressure P’, if L 2 /(Dt) < 20 


P-=1.1P D 


1 - 


2 d 

3 t 


3 t 


1 + 


1 _ 

0.8L 2 


Dt 


P’ = maximum working pressure of a pipe with wall thinning, psi 
P D = design pressure of the nominal (unflawed) pipe, psi 
d ~ depth of wall thinning, in 
t = nominal wall of pipe, in 
L = measured length of wall thinning, in 
D = pipe outside diameter, in 

and, if L 2 /(Dt) > 20 


P’ = 1.1 P D (1 — d/t) 


The pressure that can be sustained in the presence of a flaw of d epth d and 
length L can also be plotted as a function of L and d/t. Figure 21-5| Then, if a 
pipeline is hydrotested at a pressure P T , all flaws with a combination length L and 
depth d/t below the horizontal would fail (leak) during the hydrotest, and can be 
repaired before placing the line in service. Conversely, if a pipeline does not leak 
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during a hydrotest at a pressure P T it should contain no flaws larger than the com¬ 
bination of lengths L and depth d/t below the Pj horizontal [Kiefner, Leis]. 



90% P G 


10% P Q 


Figure 21-5 Sustained Pressure as a Function of Flaw Size 


A second curve, the failure curve F in Figure 21-5, can be superimposed to 
the graph. Flaws above this line, should they fail will fail by a large rupture, points 
above the curve, should they fail, will fail by leakage. In the modified B31G 
method, the failure stress is [Kiefner 1989,1990] 


PD 

— | = (S Y +10ksi) 

V 2t 


1-0.85- 
_ t 

1-0.85 - — 
t M 


The Folias bulging factor is modified to be for L 2 /(Dt) <50 


V 


fV) 

M= 1 + 0.6275 — 

-0.003375 


\ Dt 


L Dt J 


for L 2 /(Dt) > 50 


T 2 

M = 0.032 — + 3.3 
Dt 
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ASME B31G is the most commonly used evaluation procedure for wall 
thinning in ductile steel pipelines, when the only significant stress is the hoop 
stress due to pressure. But ASME B31G is not the only evaluation procedure. In 
the NG-18 method, the failure stress is [Kiefher 1978] 



l_!> 

2S llow t 


71 


1 - 


d J_ 
t M 


cos 


(eO 


Y (CVN)Eti 
4AL(S flow ) 2 


If L 2 /(Dt) < 50 


M = /I+ 0.625——0.0033751 — ] 
\ Dt ^Dt J 

If L 2 /(Dt) > 50 


L 2 

M = 0.032 — + 3.3 
Dt 

CVN - Charpy V-notch toughness at minimum operating temperature, in-lb 
E = Young’s modulus of pipe material, psi 
A =cross sectional area of Charpy specimen, in 2 

In the API 579 method, the failure stress is [API 579] 


PD^i 

2t J 


= S, 


flow 

failure | . 


d 

t M 


M = Jl + 0.8 — 

V Dt 

In the case of API 579, the flow stress depends on the remaining strength factor 
(margin) selected. 
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In the British Gas - DNV method, the failure stress is [Kirkwood, DNV] 




t 


1 - 


d 1 
t M 


M = Jl + 0.31 — 
Dt 


In the 1999 Battelle method, the failure stress is [Bubenik] 


PD 

2t 


= S u |l- T (l-e- x ) 


Q.222L 

Vr>(t-d) 


In ASME Code Case N-513 and ASME Code Case N-480, Lm is measured 
relative to t min , the minimum wall thickness required by the construction code, and 
the allowable local under-thickness must comply with the following limits 

L m < 2.65 (Rotmin) 05 


tnom — 1-13 U, 


1-5VRA 


.(1__220L) + 1 


tfe > 0-353L m 

fix' 


L m = maximum extent of local thinned area below tmin, in 
Ro — outside pipe radius, in 

tmin - minimum wall thickness required by applicable design code, in 

tnom = nominal wall thickness, in 

taioc = allowable local wall thickness, in 
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21.2.4 Circumferential Thinning 

Wall thinning along the circumference of the pipe will reduce its net metal 
cross section area and its section modulus. As a result, the pipe will have a reduced 
strength against failure by tension or bending. In the case where the applied stress 
is tensile and axial, the minimum stress to cause failure in the presence of circum¬ 
ferential thinning is [Chell] 


<*r = S f (l-d (ff /t) 

d ^(l-t/f) 
e,r l-d/(tf) 



<7f = lower bound of tensile stress at failure, psi 
d = depth of corrosion, in 
t = pipe wall thickness, in 
b = circumferential width of corrosion, in 

21.2.5 Cautions 

When the applied load is a combination of pressure and bending at the thin 
area, the integrity of the pipe is more complex than described in sections 21.2.3 
and 21.2.4 for pressure alone [Grigory], API 579 or ASME section XI can be used 
to evaluate the combined pressure and bending loading condition. 

The local metal loss evaluation methods of section 21.2.3 and 21.2.4 are no 
longer applicable near discontinuities (nozzles, branches, welded attachments, 
etc.). In this case more elaborate methods (API 579 level 3, finite element analysis 
or testing) are required [API 579]. 

If areas of local metal loss are closer to each other than (Dt)° 5 they should 
not be evaluated separately. Instead, they should be treated as a single defect that 
envelops both local metal loss areas. 

If the local metal loss takes place preferentially at a seam weld of question¬ 
able quality (for example low frequency ERW seam, IChapter 20).1 then the pipe or 
component should be repaired. 

Fitness-for-service must account for the future degradation that will con¬ 
tinue to take place until the source of corrosion is eliminated. 
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21.3 CRACK FLAWS 


Cracks in pipe base metal or welds may be originate during fabrication, 
transport, or construction; or they may initiate and propagate in service from envi¬ 
ronmental effects (such as stress corrosion cracking or hydrogen induced crack¬ 
ing), fatigue, or a combination of corrosion and fatigue, as described in |Chapter| 
20l When these cracks are detected in service, it becomes necessary to decide 
whether the component is fit for continued service, or whether it should be re¬ 
paired. 

When cracks are subject to pressure, residual stresses, or applied loads, large 
but local stresses exist at the crack tip. Classical stress analysis is of limited use in 
this case. Fracture mechanics must be used to analyze such conditions. Fracture 
mechanics had its origins in the work of A. A. Griffith in the early 1900’s 
[Griffith]. It has evolved theoretically, experimentally and numerically to become 
the key to understanding component failure. 


21.3.1 Brittle and Ductile Fracture 


First, it is important to refer back to Chapter T| for a description of strength 
and toughness. Second, it is necessary to summarize the difference between brittle 
and ductile fracture when trying to predict the fitness-for-service of a cracked 
c omponent. Se veral characteristics of brittle and ductile fracture are summarized 


m 


Table 21-1, with the following practical notes concerning fracture: 


(1) Pipe rupture can be by brittle or ductile fracture. Ductile fracture is preferred 
because it requires large applied stresses, well into the plastic range; and it is pre¬ 
ceded by significant deformation that causes a beneficial load redistribution to the 
adjoining, more lightly loaded members and metal areas. 


(2) Brittle fracture is associated with (a) low temperature service, or (b) high local 
stress concentration with nearly equal principal stresses, prevalent in thick sec¬ 
tions, under plane strain conditions, or (c) dynamic loading (strain rate in the order 
of 10 sec' 1 ). 


(3) Brittle fracture can occur below yield, it is elastic, and can be analyzed by lin¬ 
ear-elastic fracture mechanics (stress intensity factor K). Ductile fracture is plastic 
and can be analyzed by elastic-plastic fracture mechanics (J integral or crack tip 
opening displacement CTOD). 


(4) At a given temperature, the static fracture tough ness is higher than the dynamic 


fracture toughness, as illustrated in [Figure 21-6| A crack can initiate in a ductile 
manner under static load (curve S Figure 21-6) and then propagate (dynamic pro¬ 
gression of crack) in a brittle manner (curve D, Figure 21-6). 
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Table 21-1 Comparing Brittle and Ductile Fracture 


_ Brittle Fracture _ 

Occurs with little elongation 

Little plasticity 

Fracture sudden, little bulging 

Quick fracture propagation, 7000 ft/sec 
in steel 

Fracture at nominal stress below yield 

Can be caused by high constraint, equal 
principal stresses, plane strain, thick 
section. 

Occurs if temperature below NDT 

Flat cleavage fracture surface 

V-shaped chevron marks on fracture 
surface 

Crack analysis using K 


_ Ductile Fracture _ 

Significant elongation prior to fracture 

Substantial plasticity and energy ab¬ 
sorption 

Pipe wall bulges out under pressure 
Slower fracture propagation 

Fracture at stress exceeding yield 

Caused by maximum shear, plane 
stress, thin section. 

Occurs above NDT 
Shear lips 

Ductile tearing, fibrous surface 
Crack analysis using J or CTOD 


More prevalent at high strain rate (dy- More prevalent at low strain rate (static 
namic impact)_loading)_ 







21.3.2 Fundamental Approach 

There are similarities between classical strength of materials and fracture 
mechanics. In classical strength of materials, the integrity of a component is es¬ 
tablished by comparing a calculated stress (for example the maximum shear stress 
t) to an allowable stress (for example half the yield stress Sy/2). In linear elastic 
fracture mechanics, the integrity of a cracked component is analyzed by compar¬ 
ing a stress quantity called the stress intensity factor (K) to an allowable value 
called the critical stress intensity factor (Kc). As in classical stress analysis, frac¬ 
ture mechanics may be elastic (K) or plastic (J), and may be based on stress (K, J) 
or displacement (crack tip opening displacement or CTOD) [Barsom]. 

Next, it can be shown theoretically that a pipe crack of size a, subject to an 
applied nominal elastic stress a is stable under a given stress a if the stress inten¬ 
sity factor K] is below a critical value K ]C called the fracture toughness of the ma¬ 
terial. Kic is a property of the material, the operating temperature and the state of 
stress. This condition of crack stability can be written as 



IC 


The geometry factor F depends on the pipe dimension and the crack con¬ 
figuration. Stress intensity factors for a large number of component shapes and 
cracks are provided in fracture handbooks [Tada, API 579]. 

21.3.3 Stress Intensity 

The difficulty in evaluating a crack in the pipe wall arises from the large 
concentration of stresses at the crack tip. To illustrate this point, we consider the 
classic problem of an elliptical notch in a flat plate. The plate is loaded in tension, 
with a nominal stress a,. By nominal stress we mean the stress in the absence of 
the notch. The maximum stress at the elliptical notch was first calculated by 
Kirsch (1898), Kolosoff (1910) and Inglis (1913) 


a 


max 



tfmax = maximum tensile stress at the side edge of the notch, psi 
cr t = nominal tensile stress in the absence of notch, psi 
h = half width of the ellipse, in 
b = height of the ellipse, in 

For h = b, we obtain the solution for the stress concentration at the edge of a 
round hole in a plate = 3 a t . As b -» 0, the notch becomes a sharp crack and 
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the stress at the edge of the crack becomes infinite. Since an infinite stress is of 
little use, a different approach is needed to evaluate the effect of stress concentra¬ 
tion at the edge of the crack. The solution to this problem was provided by Irwin 
(1948) and Orowan (1949), on the basis of classical stress theory and one key as¬ 
sumption. First, the classical stress relationships are applied at a point P, a distance 
r and angle 0 from the crack tip. The compatibility equation is 

A(cr„+aj = 0 


ct „ = 


The equilibrium equations in cylindrical coordinates are 

8 2 U 
5r 2 

1 SU 1 5TJ 
r 5r + r 2 50 2 

5r r 50 


The condition for finite energy at the crack tip can be written as 
E(R) = lim(r -> 0)|'~CT ij 8 ij dA < qo 

The boundary condition for the opening traction o (J(j stress and shears stress at 
the crack opening face are 


See = 0 

<**=0 

To these equations, Irwin added the assumption that, as r —»• 0, the variables r and 
0 can be separated to calculate the stress components 

a rt (r,0) = Ar n a rr (®) 

a O9 (r,0) = Br n c ee (0) 

CT rf) (r,0) = Cr n a ie (0) 

Solving the set of differential equations, as r —> 0, leads to the general form 
of the stress at the crack tip 
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a = nominal stress, ksi 
Ki = stress intensity, ksi(in) 0 5 


g - 



f(G) 


More generally, the stress intensity factor for a crack in a pipe, subject to a 
nominal stress a can be written as [Barsom, Blake, Dowling, Liu] 



K\ = stress intensity, ksi(in) 0 5 
a = crack dimension, in 
F = geometry factor 

a = nominal stress, in the absence of crack, ksi 

The stress intensity is a reflection of the state of stress and the geometry at a 
point along the crack. It is not to be confused with the s tress intensit y factor estab¬ 
lished by cyclic fatigue test of pipe fittings and welds if Chanter Tj . Note that we 
have labeled the stress intensity factor Ki. The subscript “I” refers to a stress inten¬ 
sity factor that corresponds to a first mode of loading. The first mode is an applied 
load that tends to open the crack lips by tension, Figure 21-7. There are also mode 
II and mode III stress intensity factors Kn and K IU that tend to shear the crack as 
indicated in Figure 21-7. 



1 


Figure 21-7 Three Modes of Fracture 

In practice, for piping systems, the tensile mode Ki, which tends to open the 
crack in tension, is of primary importance. It follows that for a mode I analysis, the 
nominal stress of interest is that which acts in tension and perpendicular to the 
crack. Therefore, for a longitudinal crack the stress of interest is the hoop stress cr h 
(which is circumferential, perpendicular to the longitudinal crack) and for a cir¬ 
cumferential crack it is the longitudinal stress G\ (which is axial and perpendicular 
to the circumferential crack). For example, for a through-wall longitudinal crack in 
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a straight pipe under internal pressure, Figure 21-8, and assuming there are no 
other residual or applied stresses, the stress intensity factor is given by [Tada] 


K, - a h (Tia) 0 - 5 (1 + 0.52k + 1.29k 2 - 0.074k 3 ) 05 
o h = PD/(2t) 
k — a / (Rt) 0 ’ 5 


K[ = stress intensity, ksi(in) 0 5 

a = half length of through-wall crack, in 

P = internal pressure, psi 

D = outer diameter, in 

R = pipe radius, in 

t = pipe wall thickness, in 



Figure 21-8 Through-Wall Crack of Length 2a 

For example, for a 20” diameter (R = 10”), with a 0.25” wall (t = 0.25”) API 
5L pipeline, with a maximum operating pressure of 500 psi (P = 500 psi) and a 6” 
long through wall crack (a = 3”), we obtain a h = 20 ksi, (7ta) 05 = 3.07, k = 1.90, 
and (1 + 0.52k + 1.29k 2 - 0.074k 3 ) 0 5 = 2.48, therefore K[ = 152 ksi(in) 0 ' 5 . 

21.3.4 Fitness-for-Service Evaluation 

The fitness-for-service evaluation of a cracked pipe consists in calculating 
its fracture toughness ratio (margin against failure by brittle fracture) and its load 
ratio (margin against failure by ductile fracture), and verifying that both ratios are 
acceptable. The toughness ratio is 
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K r = 


Kkp+K, 


+ P 


K r = toughness ratio, ksi(in) 0 ' 5 

K [-P = stress intensity factor on primary stresses, ksi(in) 0 5 
Ki s = stress intensification factor on secondary and residual stress, ksi(in) 0 5 
Kic = fracture toughness, ksi(in) 0 5 
p = plasticity interaction factor 

The load ratio is 


L r 


a 


ref 


s 


flow 


a ref = reference (applied) stress, psi 
Sfiow = flow stress of the material, psi 


Op = applied primary stress, psi 

F = dimensionless factor that depends on geometry and crack size 

The flow stress is defined in several ways; depending on the standard or 
author, it is typically either the mean value of the yield and ultimate stress of the 
material at the evaluation temperature, or the yield stress plus 10 ksi. 


Having calculated the toughness ratio K r and the load ratio L r , we enter the 
failure assessment diagram (FAD), a curve such as illustrated in Figure 21-9, de¬ 
fined as [API 579] 


K r = (1 - 0.14L r 2 )[0.3 + 0.7 exp(-0.65 L, 6 )] 

With an upper bound for L,. = 1.0 for materials with a yield point plateau; L,. 
= 1.2 for C-Mn steel; and L* = 1.8 for austenitic stainless steel. 

In practice there are several difficulties that must be resolved when using the 
failure assessment diagram (FAD): 

(1) The applied stress intensity factor Ki and reference stress <j re f can become diffi¬ 
cult to calculate for shapes other than a straight pipe (such as a fitting or nozzle) 
and for loading other than internal pressure (such as combined torsion, bending 
and tension). 
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Figure 21-9 Failure Assessment Diagram (FAD) 

(2) The residua! stresses and the resulting stress intensity factor Ki, s can be diffi¬ 
cult to calculate. Residual stress distributions have been published for common 
weld configurations [API 579], but certain cases will require detailed heat-stress- 
material coupled numerical analyses and confirmatory testing to obtain a final 
distribution of residual stresses. In the last few years, the magnitude and distribu¬ 
tion of residual stresses have been the subject of extensive testing and thermo¬ 
mechanical fimte element analysis [Dong]. Some interesting features of residual 
stresses are illustrated in fFi g ure 2 1-10] as the weld cools down and shrinks, tensile 
hoop stresses develop through the weld section (stress A in Figure 21-10). This 
circumferential contraction causes bending stresses in the axial direction (com¬ 
pressive stresses at B and tensile at C). A certain distance XY from the weld cen¬ 
terline X, with XY in the order of (Dt) 0 5 , the stress distribution is reversed to 
equilibrate the stresses in the weld. For the same diameter over thickness (D/t) 
ratio, if the thickness increases, the distance XY gets shorter and the stresses at Y 
are now sufficiently close to alter the resultant distribution of residual stresses in 
the weld at X. The new stress distribution is illustrated at bottom of Figure 21-10. 
The hoop stress is still tensile through the weld, but is now smaller in the center 
(A’) than at the inner and outer surface (A). The axial residual stress that was a 
bending stress (B to C) is now self-equilibrating, which means that the tensile 
stresses at top and bottom (H) are counteracted by compressive stresses at the 
center of the weld (H’). We can see the importance of these changes in the residual 
stress field since crack propagation is governed by the magnitude of tensile 
stresses [Dong], 
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Figure 21-10 Residual Stresses in a Girth Weld 

(3) Testing required to obtain the fracture toughness K IC may not be feasible, due 
to lack of a sufficiently large specimen or having no access to an equipped test 
laboratory. A conservative estimate of K IC will then be in order. A relatively sim¬ 
ple method, referred to as automated ball indentation (ABI), has been proposed for 
in-place measurement of fracture toughness. It is a non-destructive technique 
based on the progressive indentation of the pipe surface [Haggag]. 

(4) The uncertainty in the calculated stress field, the measured crack length and 
depth, and the material properties must be estimated case by case, and safety fac¬ 
tors must be introduced to compensate for each one of these three unknowns. 

(5) The prediction of future crack propagation is essential in projecting the fitness 
for service, after days, weeks or months of continued service. Crack mechanisms 
are more difficult to fully understand and project into the future than wall thinning. 
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For this reason alone cracks are, in many cases, immediately repaired rather than 
analyzed for fitness-for-service. 

(6) In the case of applied plastic stress, it becomes more difficult to predict the 
stress and to measure the elastic-plastic J-integral [Barsom], 

21.3.5 Crack Arrest 

We can now look back at [Fi gure 21-1| and better understand what differen¬ 
tiate a leak (Figure 21-1 (g)) from a long break (Figure 21-1 (h)). A crack will 
arrest when the energy U driving the crack falls below the energy W absorbed in 
the fracture; the condition for crack arrest can therefore be written as [Maxey] 

U < E 


with 


U = a 2 7t R / E 

W = CVN / Acvn 

U - energy driving the crack propagation, in-lb/in^ 
a = tensile stress opening the crack, psi 
R = pipe radius, in 
E = pipe Young’s modulus, psi 

W = energy absorbed during the fracture process, in-lb/in 2 
CVN = Charpy V-notch toughness of the pipe material, in-lb 
Acvn = cross section of the Charpy specimen, in 2 

It is evident from the expression of U and W that a crack will arrest if it 
reaches a section of larger thickness (and therefore lower stress g) or ofhigher 
toughness (causing CVN to go up). Also a pressure drop at the crack tip can arrest 
the crack. In a liquid pipeline, the pressure at the crack tip will very quickly drop, 
therefore reducing g and the driving energy U. In contrast, in a gas pipeline, the 
pressure drop will be slow and may even lag behind the crack propagation, g will 
therefore remain large and drive the crack a long distance. A classic example is the 
1960 crack in a 30” gas pipeline that propagated over eight miles before arresting. 

21.3.6 Fatigue 

The be havior of pipe and pipe fittings subject to fatigue has been addressed 
in |Chapter 7| Fatigue can be due to cyclic mechanical loads (for example pressure 
pulses), cyclic displacements (for example vibration), or cyclic thermal shocks (for 
example thermal gradients). Fatigue can also occur in combination with corrosion. 
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The fitness-for-service evaluation of a piping component subject to mechanical 
fatigue, without corrosion, consists in (a) defining the cause of fatigue and the 
driving force or displacement, (b) obtaining a conservative estimate of passed and 
future cycles, (c) calculating the intensified stress range due to fatigue (iM/Z), (d) 
comparing the calculated stress range to the calculated allowable stress range S a = 
f (1.25 S c + 0.25 Sh) where f is a function of the number of cycles. If the number 
of cycles is infinite, the allowable stress would be the endurance li mit of the mate¬ 


rial. In the absence of an established endurance limit " Chapter 7)1 S a may be used 


with f = 0.15 [B31.3]. Where the applied cyclic load is not constant, the lesser 
cycles are combined into an equivalent number of cycles, as described in Chapter 
7. 


Corrosive environments (such as hydrogen rich gases, acid or aqueous envi¬ 
ronments) reduce the fatigue life of components. There are several theories and 
models to explain the combined action of corrosion and cyclic stress. For example, 
it is believed that the surface of a crack is strengthened by the oxide layer, and 
therefore the propagation of a crack exposes non-oxidized weaker metal. 

Quantitative models and empirical coefficients have been developed to in¬ 
terpret corrosion fatigue experiments. For example, the crack growth rate of a 
material can be written as the sum of a purely mechanical contribution plus a 
stress corrosion contribution [Suresh] 

da _ f da ''j f da ^ 

dN'tdNj M + tdNj sc 


a = crack size, in 
N = stress cycles 

M = denotes mechanically induced 
SC = denotes stress corrosion induced 

21.4 MECHANICAL DAMAGE 


21.4.1 Ripple 

_ Ripples are mild waves that can form during bending of a pipe or pipeline, 


Figure 21-11 The ASME B31 design and construction codes provide qualitative 
requirements generally stating that “bends must be free of buckles”. The Pipe Fab¬ 
rication Institute recommends that ripple height be no larger than 3% of the di¬ 
ameter [PFI ES-24], 
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Figure 21-11 Ripple Height 





Figure 21-12 Maximum Ripple Height (h/D) vs. Hoop Stress S h [Rosenfled] 


Ripple bends are particularly costly in oil and gas pipelines because they 
cause the rejection of a bend or must be evaluated when detected by in-line in¬ 


spection tools (smart pigs, Chapter 16) and require digs, analysis of the as-found 
condition, or replacement. Recently, a comprehensive research program was un¬ 
dertaken for the Pipeline Research Council International (PRCI) to determine un¬ 
der what conditions a mild bend ripple can cause rupture in a carbon steel line 
pipe. A ripple characterized by h/D, where h is the ripple height and D is the pipe¬ 
line diameter (Figure 21-11) does not pause a risk of fatigue failure if the hoop 
stress in the line is below the curve shown in Figure 21-12 [Rosenfeld]. This con¬ 
clusion is based on a conservative assumption of 100-year service life with aggres¬ 
sive pressure cycling. Since liquid pipelines (incompressible fluid) undergo many 
more cycles than gas pipelines, their acceptance curve is lower. 


21.4.2 Buckle and Wrinkle 

A buckle or a wrinkle is a kink caused by local buckling of the pipe wall, 
usually as a result of either (a) a tight curvature in a field bend, or (b) soil settle- 
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ment that locally bends the buried pipeline. Construction standards place limits on 
buckles and wrinkles, for example the height of the buckle or wrinkle must be 
limited to 1% of the nominal diameter, with a length to depth ratio of 12/1, and 
consecutive buckles must be no closer than 1 diameter [DNV], or peak-to-valley 
height of the buckle or wrinkle not to exceed 5% of the diameter [AS 2885]. In 
addition, the evaluation of a buckle or wrinkle must take into consideration the 
potential for coating disbondment if the strain exceeds the coating vendor limits, 
typically in the order of 2% to 5%. 


21.4.3 Dent 


Dents ar e local deform ations of the circular cross section, and gouges are 
sharp grooves, !Figure 21-13. | For hazardous liquid pipelines, dents are limited by 
construction codes to !4” depth on 4”and smaller pipelines and 6% of the diameter 
in sizes greater than 4”, with maximum resulting ovality of the cross section 
ranging from 2.5% to 5% [ASME B31.4, CSA Z662]. Dents can be constrained 
(formed for example when the pipe bears against a rock that remains lodged under 
the pipe) or unconstrained (for example when the dent is caused by an impact), as 
described in | Chapter 20[ Two techniques to analyze the fitness-for-service of 
dented or gouged pipes are API 579 and API 1156. In the API 579 approach, a 
plain dent (without a sharp gouge) is acceptable if its depth at the instant of dam¬ 
age dj is less than 5% the pipe diameter. The dent at the instant of damage d d can 
be calculated from the dent depth at operating pressure d^p by [API 579] 


- 0.22 In — 

S f 

da = dent at instant of damage, in 
ddp = dent after rebound at pressure P, in 
a P = hoop stress at pressure P, psi 
S f = flow stress of material, psi 



Figure 21-13 Gouge and Dent 
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Although there is no quantitative fitness-for-service rule for a dent or a 
gouge in a pipeline, API 1156 provides a method for ranking the severity of dents, 
in the following manner 

P~(A + B + C + W + M + R + K)(d/D) 

P = severity ranking. 

A = pipe size factor (varies from 1 for D/t < 50 to 2 for D/t > 100). 

B = material quality factor (varies from 1 for modem line pipe to 10 for low 
toughness, older, low frequency seam welded materials). 

C = operating pressure factor (varies from 1 for operating stress below 20% of 
yield to 4 for cyclic service above 60% of yield). 

W = weld factor (varies from 0 away from welds to 10 for a dent at weld). 

M = metal loss factor (varies from 0 for no metal loss to 5 if there is metal loss). 

R = dent location factor (varies from 5 if dent at bottom of pipe, likely to be con¬ 
strained by rock, to 30 if dent is at top of pipe, likely due to third-party damage). 

K = buckle factor (varies from 0 if buckle is less than 2% of pipe diameter to 5 if 

buckle exceeds 2% of diameter). 

d/D = ratio of buckle height divided by diameter. 

The fatigue life of a dented pipe, without a gouge, is given by [API 1156] 

N = exp [43.944 - 2.79 In (Aa/2)] 


Act = (SCF) AP 

N - pressure cycles to failure (through-wall fatigue crack) 

Aa = stress cycle range, psi 

SCF = stress concentration factor (a function of dent shape, its constraint, and the 
ratios d/D and D/t [API 1156]) 

AP — pressure cycle range, psi 


21.4.4 Dent with Gouge 

Dents (deformation of the circular cross section of a pipe, for example as a 
result of impact by excavation equipment) and gouges (sharp cut on the pipe sur¬ 
face, for example at the precise point where excavation equipment str ikes a pipe¬ 
line) are the leading cause of pipeline failure in service, Figure 21-13 . The failure 
occurs either instantly, by puncture, or at a later time. Delayed fractures are pri¬ 
marily due to pressure cycling during which the dented section breathes in and out 
as the internal pressure decreases and increases respectively. This breathing mode 
causes bending in the pipe wall at the dent, as if the dent region is a plate bent 
back and forth by the fluctuating internal pressure. This cyclic bending is intensi- 
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fled at the sharp gouge, causing local peak stresses that will eventually fail the 
pipe wall by fatigue. This effect can be worsened by cold working of the pipe wall 
at the gouge, and the possible presence of a crack at the gouge. If a dent with a 
gouge is discovered on a line operating at high hoop stress, in the order of 0.5S Y (a 
hoop stress level common in oil and gas pipelines), the line pressure should be 
reduced by at least 20% and the dented and gouged section should be repaired 
either by grinding out the gouge or by wraping the damaged section with a lull 
encirclement sleeve or a stiff overwrap (Chapter 23 . The objective of the sleeve 
or overwrap is to stiffen the dented section and stop the breathing (flexing) of the 
pipe wall, eliminating the source of cyclic fatigue stresses. 
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22 


Maintenance, Reliability and Failure 
Analysis 


22.1 CASE HISTORY 


Monday, December 2, 1984, around 11 PM, things seemed routine when the 
operators greeted each other for the shift change at a pesticide plant in Bhopal, 
India. Among its many processes, the plant contained three 15,000-gallon tanks 
storing methyl isocyanate (MIC), an int ermediate ingredient in the fabrication of 
pesticide. As illustrated in | Figure 22-1[ MIC is supplied to the tanks through a 
MIC transfer line (MICTL in Figure 22-1). When needed, MIC is transferred out 
to the next process unit through underground lines (dashed lines) by pressurizing 
the tank with nitrogen at about 14 psig (the nitrogen header is noted NH in Figure 
22 - 1 ). 


Each tank was equipped with a pressure relief valve, discharging into a 
common relief valve vent header (RWH in Figure 22-1). The vent header was 
piped to vent gas scrubbers (VGS, lower right in Figure 22-1), then burned and 
discharged up a flare. These precautions are necessary since the accidental mixing 
of water and MIC would cause an exothermic reaction, and the discharge of lethal 
cyanide gases. To further mitigate the exothermic reaction, the tanks are equipped 
with cooling coils to control the MIC temperature. 

Shortly after the shift change, the operators noted a sudden rise of pressure 
in one of the three tanks. When they hurried to the area, they could hear a rum¬ 
bling sound coming from the underground tank [Kalelkar, Browning], Shortly 
afterward, a cloud of methyl isocyanate gas discharged from the stack, unbumed, 
and enveloped the populated area surrounding the plant, causing a tragedy: over 
2,000 fatalities, and countless injuries. 
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Figure 22-1 Simplified Illustration of MIC Tank Systems 

The source of water that caused the exothermic reaction has been the subject 
of much controversy. However, once the water-MIC reaction took place, gases 
escaped through the stack, unscrubbed and unbumed, because the tank cooling 
system was shut down and the flare was out of service [Kletz, Lees], Such a chain 
of failures and break-down in conduct of operations and maintenance would seem 
incredible. Yet, it did occur. 
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22.2 MAINTENANCE OBJECTIVE 


The objective of maintenance has been described as “ensuring that physical 
assets continue to do what their users want them to do” [Moubray] and “to pre¬ 
serve the system function” [Smith]. In the case of piping systems, “physical as¬ 
sets” are pipes, valves, active equipment (pumps, compressors, etc., also referred 
to as dynamic or rotating equipment), instrumentation, fixed equipment (vessels, 
heat exchangers, etc., also referred to as static equipment), in-line components 
(traps, strainers, etc.), insulation and supports. There are also supporting systems 
that permit the piping system to perform their function: instrumentation and con¬ 
trols, heat tracing, power or air supply to valve operators, etc. 

Maintenance is where the hardware speaks to, and at times screams at, the 
engineer. Whether the system is operating flawlessly, malfunctions or breaks, it is 
giving the engineer important information. Operating companies handle this in¬ 
formation in a variety of manners: 

(a) Maintenance information is ignored. Things are fixed as they break, time and 
again. 

(b) Maintenance information is recorded as data, somewhere on a server, on a 
shelf or in a drawer. 

(c) Maintenance data is converted into knowledge for a few, the maintenance me¬ 
chanic and possibly the system engineer. 

(d) Maintenance knowledge is converted into wisdom, by analysis, trending, and 
communication (in a clear and illustrated manner) to the whole organization. 

This progression from nothing, to data, to knowledge, to wisdom differenti¬ 
ates excellent operations from mediocre ones. 

22.3 MAINTENANCE PLAN 

The logical steps of a maintenance plan are: 

(1) For each system, determine a maintenance strategy: proactive or reactive, as 
described in section 22.4. 

(2) For each system identified for proactive maintenance, prepare a component list 
(pipe segments, valves, pumps, compressors, etc.). For each component, specify 
the required function, its failure mode and failure cause, referring to section 22.6. 
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(3) For each component failure cause, select the proper inspection technique, refer¬ 
ring to sections 22.7 and 22.8. The objective here is to decide what needs to be 
inspected, when, where and how. 

(4) Determine the acceptance criteria that will be used to evaluate the inspection 
results and to determine the “fitness-for-service” of the system (Chapter 21).| 

(5) Plan and implement maintenance inspections, either on stream (on line) or 
during an outage (shutdown). 

(6) Document results, intelligently, clearly, and succinctly. Illustrate with digital 
photographs. Record in a retrievable and sortable maintenance database. Maintain 
“system health reports”. 

(7) Issue clear recommendations, for example in three categories: green (ok as-is), 
yellow (plan for future inspection, degradation is taking place but equipment is fit- 
for-service till next inspection), or red (repair or replace). 

22.4 MAINTENANCE STRATEGIES 

There are two maintenance strategies: (1) a reactive approach (corrective 
maintenance, running equipment to failure, or near failure); or (2) a proactive ap¬ 
proach (inspecting equipment and taking early steps to overhaul, repair or replace, 
before failure). Within the pro-active strategy, we can differentiate between pre¬ 
ventive maintenance where the inspections are time based, planned at fixed inter¬ 
vals (such as oil change every so many months), and predictive maintenance 
where the inspections are condition based, resulting from the analysis and trending 
of inspection results [NTIAC]. The goal of predictive maintenance is to achieve a 
necessary and sufficient degree of reliability. By necessary we mean that this ap¬ 
proach should be implemented only where it is necessary. There are systems 
where pro-active maintenance is unnecessary, these are systems whose failure 
would be of little consequence to safety and operations and they can be readily 
repaired and returned to service. Corrective maintenance would be appropriate in 
these cases. By sufficient we mean that, where predictive maintenance is judged 
necessary, it should be conducted in a manner that minimizes costs while achiev¬ 
ing the desired level of reliability. The objective is not to have equipment as good 
as new, but sufficiently good to perform their function, reliably and safely. Sys¬ 
tems that are part of a pro-active maintenance strategy include: 

(a) Facility safety basis: systems essential to prevent or mitigate credible accidents 
that would have unacceptable consequences to the workers, the public or the envi¬ 
ronment. 
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(b) Production loss: systems essential to maintain an acceptable level of produc¬ 
tion throughput, 

(c) Maintenance cost: systems with equipment that would be costly to replace, or 
would require long lead times. 

(d) Risk of failure: systems at greater risk of failure, for example because of corro¬ 
sion, operation at high pressure or temperature, operation beyond vendor recom¬ 
mendations, or based on past company or industry experience. 

(e) Regulatory requirements: systems or components that are required, by regula¬ 
tion, to be periodically inspected or tested [OSHA, 29CFR, NBIC]. 

22.5 CORRECTIVE MAINTENANCE 

Corrective maintenance is reactive maintenance: run to failure, then repair 
or replace. This maintenance approach is quite common for non-essential systems 
that do not exhibit any of the characteristics listed in section 22.4. Maintenance 
managers cite limited manpower and budgets focused first on solving the day’s 
emergencies as an impediment to predictive maintenance. A recent survey re¬ 
ported corrective maintenance at 40% of the maintenance workload [Rockwell]. 
Well-implemented, corrective maintenance yields a wealth of knowledge. A com¬ 
petent, cost-conscious operation will capture its corrective maintenance history in 
an accessible maintenance database. As a minimum, the following information 
should be recorded by the maintenance mechanic for each corrective maintenance 
work package: 

(a) Equipment make and model. 

(b) As-found condition (photographs are recommended). 

(c) Mechanics’ opinion as to the likely cause of failure. 

(d) Corrective action (and possibly recommendation to avoid recurrence). 

The value of such maintenance history is self-evident. If a mechanic closes a 
maintenance work package by stating “gasket leaks, replaced gasket”, nothing is 
learned, nothing is gained. Instead, every leak or failure must be viewed as an op¬ 
portunity to learn, to improve the system reliability. For the same maintenance 
work package, a competent documentation would be: 

(a) Steam system 300 #, location ABC, Valve DEF, inlet nozzle gasket GHI type 
JKL. 
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(b) Part of gasket blown off in service. Gasket appears very brittle, broke into 
pieces when removed. No other evidence of damage (flange faces, pipe, valve, 
bolts visually inspected). Photo enclosed. 

(c) May not be the right gasket material for 300 # steam service. Not used in our 
other steam systems. 

(d) After consultation with engineering (MNO) and gasket supplier (PQR), re¬ 
placed inlet and outlet nozzle gaskets with gasket STU type VWX. 

22.6 FAILURE MODES 

When a company operates a large number of equipment, corrective mainte¬ 
nance history should go beyond the narrative of section 22.5. Instead, failure mode 
and failure cause should be captured in a standard format, and regularly sorted, 
analyzed and trended. The objectives of this continuous analysis is to understand 
failure cause, and take pre-emptive measures to avoid recurrence, optimize per¬ 
formance, reduce costs, and improve safety. To achieve these objectives, a com¬ 
pany may procure a commercially available maintenance tracking and trending 
software that already includes failure mode and failure cause templates. The com¬ 
pany may also join an industry group that has developed tools specific to equip¬ 
ment and operating conditions unique to the industry. Finally, the company may 
develop its own maintenance history software, based on its experience, its equip¬ 
ment vendors’ input, and pertinent publications [Mobley, Moubray, Timmins]. 

To help in documentation and sorting, each class of equipment (horizontal 
centrifugal pumps, reciprocating compressors, pipe, flange, etc.) would have a 
standard list of failure modes and failure causes. Such a standard list would also 
help the mechanic diagnose and categorize the equipment condition. The standard 
list also provides a consistent documentation that greatly facilitates retrieval, 
analysis and trending of maintenance histories. For example, a menu of failure 
modes and causes for centrifugal pumps follows: 

Failure Mode 1 - Pumps Fails to Start 
Corresponding Failure Causes: 

Loss of power. 

Internal binding. 

Failed bearing. 

Failed coupling. 

Open or shorted motor. 

Start circuit fails. 

Failure Mode 2 - Pump Delivers Inadequate Flow 
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Corresponding Failure Causes: 

Worn or broken impeller. 

Worn wear ring. 

Discharge valve closed. 

Cavitation. 

Seal failure. 

Casing cracked. 

Gasket leak. 

Clogged strainer. 

Shaft damage. 

Failure Mode 3 - Pump Exhibits Abnormal Condition 
Corresponding Failure Causes: 

Excessive vibration. 

Leak of process fluid. 

Oil leaks. 

Excessive temperature. 

Unusual noise. 

A second level of failure causes - the cause of the cause - may be necessary 
to diagnose and correct the failure mode. An example of second level failure 
causes follows: 

Failure Cause 1 st Level - Excessive Vibration in Centrifugal Pump 
Failure Cause 2 nd Level: 

Mechanical Cause: 

Unbalance. 

Eccentric rotor. 

Bent shaft. 

Axial misalignment at shaft coupling. 

Angular misalignment at shaft coupling. 

Loose foot. 

Rotor mb against fixed part. 

Bearing wear. 

Oil instabilities. 

Gear worn or broken. 

Faulty motor. 

Belt drive misaligned. 

Hydraulic Cause: 

Pressure pulsing from vane pass. 

Flow turbulence. 

Cavitation. 

Hydraulic resonance (Helmholtz oscillator). 
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22.7 PRO-ACTIVE MAINTENANCE 


22.7.1 Preventive or Predictive Maintenance 

Where a system cannot be mn to failure, it has to be part of the pro-active 
maintenance program. A choice must now be made between Preventive Mainte¬ 
nance (PM) or Predictive Maintenance (PdM). With PM, also referred to as 
Scheduled Maintenance [Patton], pre-determined maintenance activities take place 
at predetermined intervals; for example, replacing pump lube oil every X months, 
testing a relief valve every X years, etc. The type of maintenance activity and the 
interval are established based on several factors: 

(a) Equipment failure history. 

(b) Vendor recommendations. 

(c) Industry practice, codes, standards. 

(d) Personnel experience. 

(e) Risk: likelihood and consequence of malfunction or failure. 

Predictive maintenance (PdM) is a name sometimes given to the combina¬ 
tion of three activities: vibration analysis, thermography, and oil analysis. In fact, 
predictive maintenance should be viewed in a much broader sense: it is mainte¬ 
nance based on the expert inspection and analysis - as quantitative as possible - of 
a component’s current and projected condition. While PdM involves more upfront 
effort and more expertise than PM, its rewards are significant. It is the means to¬ 
wards an optimized operation, one where equipment is repaired only when it must 
be (before failure or loss of function) and only if it has to be (avoiding costly, un¬ 
necessary, and at times harmful repairs or overhauls). The benefits gained through 
Predictive Maintenance are significant: early warning of degraded conditions or 
failure, improvements in operating procedures, improvements in materials, designs 
and procurement practices, better inventory of spare parts, optimum planning for 
system outages, gain in staff expertise and motivation through a better under¬ 
standing of operations, degradation mechanisms and the reasons behind repair 
decisions. 

In practice, many programs start as PM’s and evolve into PdM’s in search of 
better reliability. For example, a plant may test its relief valves every three years as 
part of a PM program, to find out, after several test cycles, that certain valves 
should be inspected and tested more often, others less often, while a third group - 
for example smaller utility valves - should not be tested at all, but simply replaced 
every five years. Analyzing the data, turning data into knowledge, has permitted 
the plant to evolve to a PdM program, with improvements in costs and reliability. 
Another example is the periodic volumetric inspection of critical piping, pipelines, 
tanks and vessels. Base line data is collected first at fixed intervals, then as wall 
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thickness data is analyzed in light of operating parameters, environment and corro¬ 
sion history, degradation mechanisms start to be better understood, and the in¬ 
spection intervals and inspection techniques are adjusted accordingly. 

22.7.2 Inspection Checklists 

When the maintenance strategy calls for the periodic inspection of piping 
systems, pipelines, equipment and their supports, it is advisable to use inspection 
checklists to guide and document the inspection. This section provides an example 
of visual inspection checklist for piping, vessels and tanks, and their supports. 
These visual inspections may be supplemented by periodic surface inspections 
(typically PT or MT, Chapter 1 5)1 or volumetric inspections (typically UT or RT, 
Chapter 16) based on the system’s or component’s risk: its likelihood of degrada¬ 
tion and the consequence of the degradation on safety (public and worker), profit 
and the environment. 

The visual inspection checklist is written in such a manner as to note “yes” 
when the condition is satisfactory. The inspection relies heavily on the inspectors’ 
experience in component design, corrosion, mechanical and civil engineering. For 
guidance on the inspection of piping, vessels, tanks and boilers, the reader may 
also refer to API standards [API 510, API 570, API 572, API 573, API 574, API 
580, API 581, API 653], 

The analysis of inspection results to determine the fitness-for-service of 
piping and pipelines is addressed in i Chapter 211 The analysis of degradation of 
piping, vessels and tanks may follow the rules of API 579 Fitness-for-Service. The 
analysis of the degradation of piping and equipment supports (steel or concrete 
structures) must be determined case by case, applying the rules of the construction 
codes and standards (AISC, AISI and ACI). The analysis of the degradation of 
liquid or gas pipelines must follow 49CFR, ASME B31G and RSTRENG. The 
analysis of degradation of nuclear power plant components must follow the 
ASME Boiler & Pressure Vessel Code Section XI. 

22.7.2.1 Piping and Vessels 

No distortion of piping or vessel 
No uneven, undersized welds 
No unusual or temporary repairs or cutouts 
Flanges and gaskets appear in good condition 
Flange ratings consistent with design pressure 
Bolts and studs fully engaged in nuts 
No visible sag 

No significant scratch marks, gouges 
No deformation of tank or vessel shell 
No leakage or signs of leakage 
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No evident wall thinning or cracking 

No excessive corrosion, beyond superficial rust deposit 

No unusual discoloration or deposits 

Equipment not dislodged from supports 

Sliding or rolling supports free to move 

All attachments of supports to structure are secure 

No missing lagging, insulation or coating 

No evidence of paint blisters, peeling or missing 

Vessel stamp visible 

Relief device on vessel at set pressure below vessel MAWP 
Relief device within test date 

Pressure gage functioning and within calibration date 
No excessive vibration or unusual noises 
No other concerns 

22.7.2.2 Supports 

Description 

Location 

(a) Support Components 

Missing or Broken Parts [MSS-SP-58] 

No missing hanger 

No missing clevis, tumbuckle, clamp, bolts 
No missing shield 

No broken or visibly deformed components 
Function 

No binding 

Insulation does not interfere with movement 
No missing roll, shoe 
Variable spring travel within range 
Snubber travel within range and periodic test recorded 
No excessive vibration 
No excessive wear 
Condition 

No excessive corrosion (light surface rust only) 

No missing or peeled paint 
No missing or peeled coating 

(b) Structural Steel 
General 

No visible settlement 
No visible tilt or deflection 
Members 

No missing members 
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No visible repairs or cutouts 

Load path is complete from equipment down to bolts 
Joints (visual) 

Good weld condition [AWS Dl.l] 

Good bolts and Rivets condition 
Deterioration 

Good paint condition (visual) 

Negligible corrosion depth (UT if necessary) 

(c) Concrete Attachments [ACI 201.1R] 

Alignment of Structure (visual) 

No visible settlement 
No visible deflection 
No visible expansion 
No visible contraction 
Surface Condition 

Good general condition of concrete 
No cracks over 2 mm wide 
No leaching 

No scaling (local flaking > 20 mm depth) 

No spalling (flake > 20 mm deep) 

No pop-out (breaking away holes >50 mm dia) 

No sign of corrosion and chemical attack ( discoloration) 
No dampness or liquid stains 
No exposed steel 
No previous patching 
Anchor Bolts 

No missing bolts 
No missing nuts 
No deformed or extended bolts 
No cracks in concrete pass through bolt 
No cracks between bolt and concrete edge 
No other Concern 


22.8 PDM TECHNIQUES 


Because a piping system consists of a large assembly of components with 
different failure modes and failure causes, there is a host of applicable Predictive 
Maintenance techniques. To illustrat e the point, we take as an example a simple 
piping system, shown in figure 22-~2 The system consists of 6” pipe, from a verti¬ 
cal vessel to a horizontal heat exchanger, with two welded manual valves, a sup¬ 
port and a spring hanger (line hot in service); and a 2” branch line with a threaded 
manual valve. The maintenance plan follow's the outline of section 22.3. 
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Figure 22-2 Illustrative Example for PdM 

(1) Maintenance strategy: predictive because the system is essential to operations. 

(2) Component list, function, failure mode and failure cause: 

(2.a) Piping 6” and 2”, needs to remain leak tight. Failure mode would be loss of 
pressure boundary. Failure causes: corrosion or fatigue cracking. 

(2.b) Manual valves, normally open, must be able to close for isolation. Failure 
mode would be loss of operability (hand wheel cannot be turned), loss of leak 
tightness if closed, loss of pressure boundary through body, bonnet, packing, 
joints. Failure causes: corrosion buildup, corrosion of wall, packing wear, debris at 
valve seat, wear of valve disk or plug. 

(2.c) Vertical vessel, must remain leak tight. No overpressure. Failure mode would 
be loss of pressure boundary (leak) or rupture by overpressure. Failure causes: 
corrosion, failure of pressure relief valve to open and discharge at set pressure. 

(2.d) Heat exchanger, must operate at nominal and full flow, need to maintain heat 
transfer. No overpressure. Failure mode: tube leak, shell and heads leak, head 
flange leak, overpressure. Failure causes: corrosion (thinning, cracking or plug- 
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ging), inadequate flange gasket, bolts or assembly torque, tube vibration in cross 
flow, failure of pressure relief valve to open and discharge at set pressure. 

(2.e) Supports, must maintain pipe in position, variable spring needs to remain 
within travel range. Failure mode: support fails, pipe dislodges, spring motion 
exceeds travel allowance. Failure causes: corrosion, impact (such as waterham- 
mer) or vibration, wear of support parts, external damage. 

(3) Inspection locations and techniques. 

(3.a) Piping and vessels: visual inspection of equipment and supports (external or 
internal during shutdown or by remote techniques such as borescope), surface 
examination (liquid penetrant or magnetic particles), volumetric (ultrasonic 
straight or angle beam, portable radiography with X-rays or radioisotopes, pulse 
eddy current for inspection through insulation), leak detection (visual, acoustic, 
thermography), pressure test (holding pressure with liquid test, bubble solution 
with pneumatic test, or tracer gas detection), eddy current of heat exchanger tubes, 
or acoustic emission. Ultrasonic measurement of flow rate (Doppler effect or time 
of flight). 

A difficult decision is where to inspect. Fatal pipe and vessel ruptures have 
happened even though the piping and vessels were part of a periodic inspection 
program. The failure however occurred at a different location than the locations 
inspected. Industry standards have been developed to help the owner decide where 
to inspect piping and vessels [API 510, API 570, API 572, API 574, API 579, 
NBIC]. The decision remains however closely tied to understanding the specific 
degradation mechanism taking place in the system. In addition to locations sus¬ 
ceptible to specific corrosion mechanisms (for example microbiologically induced 
corrosion in stagnant warm water), inspection locations may include [API 570, 
API 574]: injection points (1 ft upstream and 25 ft downstream), dead-legs, corro¬ 
sion under insulation or under coating, points of pipe penetration in soil or struc¬ 
tures, where erosion is a concern (elbows, tees, thermowells, etc.), points of audi¬ 
ble cavitation (control valves, orifice, pump suction or discharge), vibration points, 
thermal fatigue (for example where the expansion analysis predicts a cyclic expan¬ 
sion or contraction stress within 80% of the design stress allowable), locations of 
potential freeze damage, mechanical joints (threaded, swaged, grooved couplings) 
and flange joints. 

The great advantage of in-line inspection (smart pig inspection) of oil and 
gas pipelines is that it covers the full length of the line and avoids the hit and miss 
spot inspections common in the power and process industries. 

(3,b) Valves: many facilities overhaul valves on a rotating schedule (preventive 
maintenance PM). If little is known about the valve performance in a specific 
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process, this could be a valid starting point, but the overhaul should be used to 
gather knowledge on degradation mechanisms, with the intention of switching as 
soon as feasible from PM to PdM. Valve maintenance will usually entail, as nec¬ 
essary, tightening or replacement of valve packing, visual inspection of seating 
surfaces and leak paths, cleaning, polishing, lap as necessary, blueing test for leak 
tightness (blue dye permits viewing non-uniform contact between disk and seat 
ring), replacing seat ring, tightening body-bonnet (if screwed or flanged). Where 
leak tightness is critical, the valve may be periodically tested for seat leakage. The 
manual valve wheel should be periodically cycled open and close. 

Acoustic techniques can be used to detect through-seat or pressure boundary 
leakage of liquid, steam or air. The acoustic signal in a reference transducer (back¬ 
ground noise) is compared to the signal at the valve to measure a leak signal. The 
transducer may be hand held or mounted to the pipe and valve. 

(3.c) Heat exchanger tubes: periodic visual (pulling out the tube bundle), eddy 
current for evidence of wall thinning, pitting or cracking, pressure or leak testing. 

(3.d) Supports: on critical systems, support members and anchor bolts visually 
inspected, for evidence of damage. Variable spring travel should be verified by 
yearly reading the scale on the spring can and comparing to predicted cold (shut¬ 
down) and hot (operating) positions. 


(4) Acceptance criteria for the integrity of the pressure boundary of piping, ves¬ 
sels, heat exchangers and valve bod ies are based on fitness-for-service procedures, 
such as discussed in | Chapter 21.| Acceptance criteria for operability of manual 
valves are process specific (time to open or close valve, and leak tightness of valve 
seat). Acceptance criteria for supports are based on vendor catalogs (for variable 
springs, anchor bolts) and judgment. 


22.9 RELIABILITY 

There are basically three methods to gain knowledge from maintenance ac¬ 
tivities. The first method is to investigate a failure or malfunction in the field, as it 
happens. The advantage of this approach is that a lot of first hand information can 
be gathered regarding failure mode and failure cause. The shortcoming is the diffi¬ 
culty to generalize the findings. The second method is to qualitatively review his¬ 
torical maintenance records, particularly corrective maintenance, for a class of 
equipment over a period of time. The advantage here is to be able to see general 
trends, the shortcoming is that the quality of documentation may be poor (the pro¬ 
verbial “Was broken. Fixed it”). The third method is to statistically analyze a large 
number of maintenance data, to compile and trend quantitative reliability statistics. 
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A word of caution is in order regarding the use of reliability data. Reliability 
data is available from various sources [RAC, AIChE, API 581]. Following are 
some examples of mean failure rates that can be found in the literature, not to 
promote their use, but rather to discuss their limitations: 

Tanks and Vessels: 

Tank leakage lE-7/hour 

Vessel rupture 5E-9/hour 

Heat exchanger tube leak lE-6/hour 

!4” leak in vessel or storage tank 4E-5/year 

4” leak in vessel or storage tank lE-5/year 

Rupture of vessel 6E-6/year 

Rupture of storage tank 2E-5/year 

Pipe and Fittings: 

Leak of metallic straight pipe 0.0268E-6/hour 

Leak of metallic fittings 0.57E-6/hour 

Flange gasket leak lE-7/hour 

Plugged strainer 3E-6/hour 

Va" leak in V” pipe lE-5/year-ft 

Va ” leak in 6” pipe 4E-7/year-ft 

'A" leak in pipe larger than 16” 6E-8/year-ft 

Rupture of %” pipe 3E-7/year-ft 

Rupture 6” pipe 8E-8/year-ft 

Rupture pipe larger than 16” lE-8/year-ft 

Valves: 

Solenoid valve fails open 3E-6/hour 
Solenoid valve fails closed 3E-6/hour 
Solenoid fails to respond 2.83E-3/demand 
Motor operator fails to respond 5.58E-3/demand 
Air operator fails to respond 2.2E-3/demand 
Safety relief fails to open 3E-3/day 
Safety relief fails to reclose 3E-3/day 
Check valve leaks through lE-6/hour 
Check valve leaks through 3.1SE-6/hour 

Pumps and Compressors: 

Compressor fails 1430E-6/hour 

Pump motor fails to start lE-2/demand 

Centrifugal pump motor fails to start 18.6E-3/demand 

Centrifugal pump motor fails to run at rated speed 920E-6/hour 

Centrifugal pump motor fails while running 292E-6/hour 

Pump overspeed 3E-5/hour 
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Pipe leak 3E-9/hour-foot 
Pipe rupture IE-10/hour-foot 


T hi s type of reliability data has to be used with the greatest care, as it raises 
several questions. First, in some cases, equipment is grouped in such broad classes 
as to be of questionable value. For example, what is “metallic straight pipe”? Is an 
underground cast iron bell and spigot drain pipe installed forty years ago grouped 
with a new welded stainless steel pipe in a process building, designed and fabri¬ 
cated to ASME B31.3, joined by certified welders, inspected by 100% radiogra¬ 
phy? 


Second, little attention is paid to the maintenance pedigree of the equipment. 
For example, what is “centrifugal pump motor fails to start”? Is this a new pump, 
or a pump hat has been idle for 10 years with no maintenance and overhaul? 

Third, the failure mode is, most of the time, not defined. For example, note 
the same likelihood of 3 1O'Vday for “Safety relief fails to open” and “Safety relief 
fails to reclose”. Technicians who have spent time in a safety-relief valve shop 
will undoubtedly be surprised by these figures. While some valves that have been 
in service may fail to open at the exact set pressure, they will in the vast majority 
of cases open at 10% to 20% above the set pressure. Is popping open 10% to 20% 
above set point classified as “safety relief fails to open”? On the contrary, it is not 
uncommon for safety valves in steam service to not fully re-close after discharge, 
causing a continuous small. Is this small leak what is meant by “safety valve fails 
to reclose”? 

Fourth, the most complete reliability tables provide not only a mean failure 
value, but also a statistical minimum and maximum. This is wise, but in many 
cases, there is a factor of 10 to 100 between the mean and the minimum failure 
rates. 


In summary, reliability data, based on the study of large quantities of fail¬ 
ures, has many limitations, and must be applied with the greatest care. Plant, sys¬ 
tem or component specific data are more useful. A much better use of reliability 
data is to correct the generic failure values by quantitative correction factors spe¬ 
cific to the system and the service. This is the approach followed by the Risk 
Based Inspection technique in API 581. Correction factors applied to the generic 
failure rates should account for several variables: (1) damage mechanisms (poten¬ 
tial for corrosion and other degradation mechanisms at play, accuracy of predicted 
corrosion rate), (2) quality and frequency of field inspections, (3) system mainte¬ 
nance condition (vibration monitoring, movement checks, etc.), (4) natural forces 
(weather, wind, soil stability, seismic activity, etc.), (5) complexity of piping sys¬ 
tem (layout, number and type of non-welded fittings, number and type of valves, 
support condition, etc.), (6) quality of initial construction, (7) quality of repairs, (8) 
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operational history (reliability;, use factor and downtime, etc.), (9) complexity and 
stability of process (operating temperature and pressure, steady state or transient 
operation, likelihood of exothermic reaction, explosion or fire, etc.), (10) condition 
of process fluid (liquid, flashing liquid, gas, vapor, single or two-phase, etc.), (11) 
outside factors (encroachment, third party damage, etc.). 

22.10 MAINTENANCE AND THE CONSTRUCTION CODES 

The oil pipeline, gas pipeline and nuclear pow r er piping codes have explicit 
maintenance requirements [ASME B31.4, ASME B31.8, ASME XI, ASME OM]. 
This is understandable since these functions are regulated by state and federal re¬ 
quirements [10CFR50, 49CFR] and the codes have a focused scope. In contrast, 
ASME B31.3, the code for chemical process systems has such a broad scope that 
it chose not to develop explicit maintenance rules. Instead, specific industries have 
developed their own guidelines or codes, such as API 570 for refining and petro¬ 
chemical plants. 

In all cases, of the five areas covered by construction codes ^Chapter 2)1 the 
fust three apply to maintenance as-is, with few exceptions: materials (ASTM 
listed materials used within their code temperature limits), design (sizing, layout 
and supports) and fabrication (wielding and joining). One of the few exceptions to 
applying the construction code to maintenance: the difficulty encountered in some 
cases in heat-treating a maintenance or repair weld. This difficulty may be cir¬ 
cumvented by pre-qualified local post-weld heat treatment (bull’s eye heating) or 
temper bead welding techniques where a weld bead heat treats the previous one 
[NBIC]. 

The other two areas covered by construction codes, examination and leak 
testing, can not always be applied as-is, and must therefore be adapted to mainte¬ 
nance. Examinations of non-welded joints (flanges, swage fittings, threaded joints, 
etc.) are usually performed by a certified mechanic, with independent inspection 
being limited to critical lines. The need for leak testing, in particular hydrostatic 
testing of tie-ins between a new subassembly and the existing system should be 
decided on a case basis. 

When it is not practical to isolate an existing line to hydrotest the tie-ins of a 
maintenance modification, then the tie-in joints may be inspected by a comprehen¬ 
sive in-process examination (looking over during the joining process) and non¬ 
destructive examination instead of hydrotest: UT or RT for butt welds, PT or MT 
for fillet welds, and independent quality control for the re-making of mechanical 
joints such as flange connections. 
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22.11 ELEMENTS OF FAILURE ANALYSIS 


We have seen that corrective maintenance (run to failure) is a viable mainte¬ 
nance strategy when the failure is no more than a nuisance. To the contrary, when 
the failure could affect profit (production), safety (worker or public) or the envi¬ 
ronment (stewardship, regulation), then preventive (PM) or predictive (PdM) 
maintenance are in order. If despite of PM or PdM a failure does occur, it is often 
necessary to analyze the failure, determine its root causes and make a repair that 
avoids its recurrence. This is achieved through failure analysis. In the case of pip¬ 
ing systems and pipelines, failure a nalysis relies heavily on the seven fundamental 
aspects of competent engineering 'Chapter 2): materials (metallurgy and corro¬ 
sion), design (fluid flow and stress), fabrication (joining and welding), examina¬ 
tion (non-destructive and destructive testing), leak testing (pressure testing and 
leak detection), operation (normal or abnormal operating conditions) and mainte¬ 
nance (prior performance). 


The failure analysis process relies on the steps shown in Figure 22-3 
described in the following sections. 


and 


22.11.1 Data Collection 

Retrieval of initial design and construction data applicable to the failed sys¬ 
tem, including, where available, material specifications, material certificates, ma¬ 
terial test reports, vendor files, system descriptions, design calculations and stress 
analyses, fabrication and welding records, non-destructive examination construc¬ 
tion records, testing records. Interview of designer, metallurgist, quality control 
personnel. Retrieval of operating log to establish operating conditions at time of 
failure (flow rate, pressure, temperature) and operating history, with particular 
attention to abnormal events. Interview operators and system engineer. Mainte¬ 
nance history, prior repairs, equipment or system modifications, overhauls, re¬ 
placements, reports of abnormal conditions. Interview of maintenance mechanics. 

22.11.2 Visual Examination, Macrofractography and NDE 

Investigation of the failed component in situ (in failed position) with addi¬ 
tional lighting and hand-held magnifying glass. Recording failed position and 
condition, surface appearance, dimensional changes, discolorations and corrosion, 
paint and coating, supports, environment anomalies. Photographs. Care should be 
taken not to alter the failure surface by touch. 

The visual examination of the fracture surface with magnification, is called 
“macrofractography”, where the prefix “macro” is used in contrast with “micro” 
for examination using microscopes. It can be recorded on a macrofractograph 
(photograph with magnification). 
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The visual examination of the fracture surface can provide valuable infor¬ 
mation: a ductile fracture has a fibrous, dimpled appearance. A brittle fracture has 
a featureless, shiny crystalline appearance. Brittle fracture in a thick-wall compo¬ 
nent has a chevron pattern (V-shaped marks on the fracture surface, with the tip of 
the V’s pointing to the crack origin. A fatigue fracture has a beach mark appear¬ 
ance with a brittle fracture appearance between marks. Most often, the fracture 
surface has a mixture of ductile and brittle features, but one fracture appearance 
will dominate. 

The failed componen t can also be e xamined by non-destructive techniques 
such as UT, MT, RT, UT [Chapter 16) I for evidence of cracking, wall thinning, 
construction defects or degradation in-service. 

22.11.3 Metallography and Microfractography 

The common techniques for the microscopic analysis of a fracture surface 
are: 


(1) Standard light optical microscopy (LOM) of a prepared specimen 

(2) Scanning electron microscopy (SEM) of the as-is specimen. 

(3) Transmission electron microscopy (TEM) of a replica. 


Metallography provides valuable information on the grain structure and 
flaws in the base material, the weld and the fracture surface. It indicates whether 
the fracture was ductile or brittle. Ductile fracture surfaces are dimpled. Ductile 
fracture is caused by (i) overstress by shear or tension in a thin ductile material 
(plane stress, i.e. stress constant through the wall thickness), or (ii) overstress at 
the surface of a thick material, or (iii) overstre ss bv shear. An example of ductile 


fracture is the standard tensile test illustrated in |Figure 22-4(a) . The specimen first 


develops microvoids that coalesce (combine) and eventually fail the s pecimen by 
tensio n in the middle (cup) followed by shear at 45° on the sides (cone), |Figure 22- 
4(b). | The dimples are equiaxed (rou ghly same dimpl e si ze in all three directions), 


which is caused by tension overload, Figures 22-4(c) and 22-5(a) 


In ductile tensile fracture, the fracture surface contains three zones: (1) a flat 
fibr ous core (the orig inal dislocation) in a plane perpendicular to the applied ten¬ 
sion If Figure 22-4(c)i . (2) a fibrous radial zone with striations emanating from the 
core (this radial zone may be missing in thin sections), and (3) a sh ear lip at the 


periph ery where final separation occurred, at 45° from the core plane (Figure 22 
l4fdfil In shear fracture, the dimples may be elongated in opposite directions on the 
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two fracture lips (Figure 22-5(b)), or elongated in the same direction, which is 
caused by tensile tearing (zipper effect as in Figures 22-4(d) and 22-5(c)). 



Figure 22-4 Shear and Tension Overload 



Brittle fracture surfaces are crystalline, featureless. Brittle fracture is caused 
by (i) fracture of a brittle material (material with low fracture toughness at operat¬ 
ing temperature), which could happen without apparent overstress, while the mate¬ 
rial is still elastic, or (ii) overstress in a thick material (plane strain, i.e., strain con¬ 
stant near the center of the material which is constrained by the surrounding thick 
material), or (iii) fatigue crack propagation, or (iv) crack propagation by stress 
corrosion cracking. 


Copyright © 2003 by Marcel Dekker, Inc. All Rights Reserved. 




Metallography is also used to study the shape of cracks to determine 
whether they are intergranular or transgranular (which points to the corrosion or 
failure mechanism), their branching direction (which points to their direction of 
propagation since the cracks tend to propagate in the direction of increasing 
branching), the possibility of multiple initiation sites (cracks tend to intersect at 
right angles). 

22.11.4 Chemical Analysis 

Chemical analysis can be applied to the base metal and weld to confirm their 
composition (alloy analyzer for positive material identification), to the fracture 
surface (Auger electron spectroscopy AES) to determine the nature of corrosion 
residue, and to the fluid to determine its composition and the presence of impuri¬ 
ties. Chemical analysis of metals can be by a wet technique (solution), energy dis¬ 
sipative X-rays (EDX for simultaneous analysis of a spectrum of elements), or 
wave length dispersive spectrometers (WDS for analysis of one element at a time). 
These methods can be augmented by accelerated corrosion tests, such as stress 
corrosion cracking tests or weight loss corrosion tests. 

22.11.5 Mechanical Tests 

Mechanical tests typically consist of (a) microhardness tests to determine 
unusually hard and brittle spots in the base metal, weld or heat affected zone, (b) 
strength tests (tensile, yield and elongation at rupture) to determine conformance 
to the minimum requirements of the material specification, and (c) toughness tests 
(Charpy, drop weight tear test, fracture toughness) to determine the ductility of the 
material. 

The difficulty with most mechanical tests is that they are destructive tests. 
But there are specialized techniques to shave off a small scoop of metal from the 
surface and conduct tension tests on the small specimen. 

22.11.6 Stress and Fracture Analysis 

The material, dimensional, fracture, and operating facts assembled so far are 
used to model and analyze the failed component. This step is necessary to confirm 
the postulated failure mode or to choose among different possible failure modes. 
For example, if failure appears to be due to overpressure in a ductile material, than 
a classical stress analysis can be conducted to verify that the stresses in the com¬ 
ponent at the failure pressure have reached the ultimate strength of the material. 

If failure is attributed to fatigue, than a fatigue usage factor can be calcu¬ 
lated. If failure is attributed to sudden crack propagation, than a fracture analysis 
can be used to confirm the plausibility of crack induced fracture. 
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22.11.7 Improvements 

The lessons learned through failures must be used to avoid recurrence, to 
improve performance by improving the engineer’s understanding of the seven 
fundamentals: materials, design, fabrication, examination, testing, operations and 
maintenance. For the sake of profits and safety this knowledge must be clearly 
communicated through the various departments of a company, and reflected in its 
engineering, operations and maintenance procedures. Unique knowledge should 
be communicated to the whole industry, through publications, conferences and 
technical papers. “The more sand has escaped from the hour glass of our life, the 
clearer we should see through it”, Jean Paul Sartre. 
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23 

Repair Techniques 


23.1 REPAIR STRATEGY 

The first consideration when planning a repair is understanding the root 
cause of the problem that led to the repair. On the basis of this understanding, a 
repair strategy is established, which addresses six key decisions: repair technique 
(discussed later in this chapter), materials (chemistry, mechanical properties, cor¬ 
rosion resistance), design (flow and system logic, sizing), fabrication (joining, 
welding, heat treatment), examination (NDE of the failed component and the re¬ 
pair), testing (hydrotest, pneumatic test, leak test). 

A repair plan is then developed and implemented. The repaired component 
remains in service for as long as its design life justifies it. In other words, no repair 
is temporary or permanent; instead, each repair will last as long as its weakest 
component. It is therefore essential, with each repair, to define a useful life (or 
design life) of the repair, and plan periodic inspections to confirm this useful life. 

23.2 REPLACEMENT 

The most common practice for repairing pipe sections or components is, of 
course, to replace them. The new component or subassembly should fully comply 
with the construction code, preferably a recent edition of that code. In some cases, 
regulators or owners will impose the original code edition (the so-called code of 
record) for materials, design or fabrication of replacement components. This is 
seldom technically justified and is impractical (where to find a spool fabricated to 
a 1967 ASTM material specification?). It often leads to costly yet sterile compari¬ 
sons of changes between code editions, to justify the obvious: the use of the latest 
edition of codes and standards is preferable to the use of an obsolete one. 
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An important consideration in planning the removal of the degraded section 
of pipe or component is to carefully and clearly specify lockout, tagout, depres¬ 
surization, draining and venting the pipe before cutting or opening the system. The 
rules of OSHA 29 CFR 1910.147 [OSHA] may apply to such activities. The im¬ 
portance of proper isolation should not be discovered the hard way, as was the 
case on the morning of Sunday, October 22, 1989, when maintenance workers 
started to clear three of the six settling legs of a polyethylene reactor near Houston, 
Texas [OSHA, Lees]. The activity started by first closing the settling leg's air op¬ 
erated isolation valve (Figure 23-1(B)), and then dismantling and cleaning the leg 
(Figure 23-1(E)), while the system was still at pressure. Corporate procedures re¬ 
quired double isolation, but at this facility the settling legs were isolated by a sin¬ 
gle valve (Figure 23-1 (B)). Matters are further complicated by the fact that the 
isolation valve is pneumatically operated to either close or open. 

It appears that, as the dismantling of the second leg started on Monday 
morning, the air hoses to the pneumatic valve had been crisscrossed and what 
should have been air-to-close turned out to be air-to-open (Figure 32-l(C)). The 
valve was believed to be closed, but was actually open. As the leg was partially 
dismantled, a mixture of hydrocarbon vapors leaked through and was ignited, fol¬ 
lowed by two more explosions, leaving 22 dead, and 130 injured. 
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Figure 23-1 Settling Leg Arrangement 
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When pressure equipment is readied to be open, the operator should not rely 
on pressure gage reading alone to confirm that the system is at atmospheric pres¬ 
sure. Confirmation must also rely on open venting to atmosphere and draining 
[HSE], as evidenced in the following accident. At 2:30 AM on the morning of 
March 13, 2001, two explosions rocked a plastic manufacturing plant in Augusta, 
Georgia, killing three workers [USCS]. Twelve hours earlier, an attempt had been 
made to start a production unit. The attempt was aborted, but a quantity of hot 
molten plastic had been diverted to a horizontal 750-gallon waste collection ves¬ 
sel, referred to as “catch tank”, Figure 23-2. The hot plastic proceeded to react, 
foam and expand, eventually forcing its way and solidifying in the relief valve 
inlet pipe, Figure 23-2(A). 

When several hours later, during the night shift, three workers attempted to 
open the catch tank cover, they first checked the pressure gage. Figure 23-2(B). 
But the pressure gage was on the vent pipe, and - unknown to the operators - the 
vent was sealed from the vessel body by the plug of solidified plastic. Reading no 
pressure, the workers proceeded to remove the bolts on the vessel cover. With 22 
of the 44 bolts removed, the 48” diameter, 1,750-lb cover suddenly blew off, 
spewing hot plastic and killing the three workers. The accident was further com¬ 
pounded when the cover, flying 14 ft, ruptured a hot oil line, forming a flammable 
vapor cloud that ignited. 



Figure 23-2 Catch Tank with Plugged Relief Vent Pipe 

The plant had a written lockout/tagout procedure, but it relied on the use of 
drain valves that were often plugged with solidified plastic, Figure 23-2(C). So 
operators and maintenance technicians relied instead on the pressure gauge in the 
relief valve pipe to check the vessel pressure. 

To drain a pipeline, the system must be shutdown and isolated at block 
valves (double isolation may be required with hazardous contents). Where this is 
not feasible, the line can be blocked using inflatable inserts (typically tight to 15 
psid), Figure 23-31 or discs with elastomeric seal (to 1500 psid) [COB, Sealfast], 
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Figure 23-3 Inflatable Isolation Plug 

The line can also be isolated by tapping (referred to as hot tap in the oil and 
gas industry and wet tap in power, process and waterworks) [API 2201, Cantwell, 
Goodfellow, Hydrastop, IPSCO, Jandu, TDW, Team, Tubb]. Referring to Figure 
23-4, following are the steps for hot tapping: The full encirclement split sleeve (1) 
is welded to the pipe. The hot tap gate valve (2) is bolted to the sleeve. The hot tap 
machine (3) is bolted to the valve. The rotating cutter (4) is lowered against the 
pipe wall and cuts the pipe. The cutter and cut disc of pipe wall are retracted into 
the hot tap machine and the gate (5) is closed. The hot tap machine is replaced by 
the line-stop machine (6). The thick rubber gasket or plug (7) of the line-stop ma¬ 
chine is lowered into the pipe at position (8). The flow is now interrupted. The line 
is drained and vented on one side of the tap and repairs made on the drained side. 
When repairs are completed and flow has to resume, the plug (7) is retracted. The 
hot tap valve gate (5) is closed. The line-stop machine is replaced by a plug ma¬ 
chine (9). A disc plug (10) is inserted into the sleeve nozzle (1) in position (11). 
The hot tap valve (2) is removed, and a blind flange (12) is bolted atop of the 
sleeve nozzle. 
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When replacing a spool as shown in white in Figure 23-5, the new compo¬ 
nent or subassembly should fully comply with the original code (joining process, 
NDE, hydrotest). For example, joints B, C and D on the new spool of Figure 23-5 
should be hydrotested. It is however difficult in many cases to hydrotest the tie-in 
joints between the new and old pipe, joints A and E in Figure 23-5. In this case, 
NDE may be used as an alternative to hydrotest of the tie-ins to the existing sys¬ 
tem [API 570], Non-hydrotested butt welded tie-ins may be examined by RT or 
UT; this is the case for weld A in Figure 23-5. Fillet welded tie-ins (branch con¬ 
nections, socket welds) may be examined by PT or MT (including the first pass in 
critical service). Mechanical joint tie-ins (flange assemblies, threaded joints, 
swage fittings, etc.) may be inspected in process (while being assembled), this is 
the case for flange joint E in Figure 23-5. These alternatives are not meant to apply 
to joints between new parts, but only to the tie-ins where hydrotest is impractical. 

Post-weld heat treatment of the tie-ins should be performed if required by 
the construction code, unless the alternatives of NBIC are followed [NBIC]. As a 
matter of good practice, new welds should not be closer than 6” from existing 
welds, and the replacement pipe should be no shorter than 12” [API 2200] or one- 
fourth of the pipe diameter. 



Figure 23-5 Tie-Ins (A and E) and New Joints (B, C and D) 

23.3 GRINDING OUT DEFECTS 

When base metal or welds contain fabrication or service-induced defects 
(weld flaws, arc bums, gouges or cracks), these defects can be excavated by 
grinding, under certain conditions. The ground surface is then examined by liquid 
penetrant or magnetic particle to confirm that the defect has been removed. The 
ground out area may be left as-is, without weld deposit, if the remaining wall 
thickness exceeds the minimum required by code, the ground profile is smooth 
(3:1 profile or smoother) and the remaining wall is sound. On pipelines, a safe 
length and depth of grinding are given by [Rosenfeld] 


L < 1.12 


Dt 


d/t 


l.l(d /1) — 0.11 


-1 
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L = length of grinding, in 
D = pipe diameter, in 
t - nominal wall thickness, in 
d = depth of grinding, in 

If the remaining smooth depression is below the minimum wall, the condi¬ 
tion can be analyzed for fitness-for-service as a local thin area [Chapter IT} , 

Where the grinding process may alter the metallurgy of the pipe or weld (for 
example on heat treated steels or high strength line pipe), the area should be etched 
and examined. 

Note that many pipe material specifications for new base material allow 
grinding repairs under certain conditions. For example, in the case of common 
ASTM A 53 carbon steel, the pipe fabrication specification permits unfilled re¬ 
pairs if a “smooth curved surface” is maintained and the wall thickness is not de¬ 
creased below specified minimum. ASTM A 530 requires the defects to be “thor¬ 
oughly chipped or ground out” then welded with a suitable filler metal. 

The cavity is ground smooth with beveled sides and edges rounded to fa¬ 
cilitate weld deposition. Weld material is deposited in the cavity. The sequence of 
weld bead overlay is qualified to assure that the base metal and weld are sound 
and properly tempered. In certain cases, the repair root pass is examined by liquid 
penetrant. The completed weld is smoothed and polished, then inspected by PT, 
UTorRT. 

It is highly recommended to shutdown the line before grinding, but when it 
is inevitable to grind in-service, the system pressure should be reduced by at least 
20% to reduce risk of pipe rupture or leak during the grinding operation. In-service 
welding repair of piping must avoid bum-through, excessive residual stresses and 
reduced toughness of the weld repair area. These effects are heightened when 
welding in-service because the flow of fluid in the pipe tends to cool the weld 
more rapidly. This explains why it is necessary to thoroughly qualify the in- 
service weld repair procedure and, in certain cases, to limit the procedure to pipe 
with sufficient wall thickness K Chapter 131 ). If post-weld heat treatment is required, 
it may be accomplished after repair or a qualified temper-bead technique may be 
used [ASME XI, API-510, NBIC]. 

In nuclear power plant applications, ASME B&PV Section XI, IWA-4700 
would exempt hydrostatic testing of repairs that did not penetrate the wall, as well 
as repairs on 1” and smaller piping and valves [ASME XI]. ASME B31.3 permits 
the owner to waive the re-hydrotest following “minor repairs” when sound con¬ 
struction practice is followed [ASME B31.3]. 
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23.4 WELD OVERLAY 


A weld overlay, also referred to as direct weld deposit, consists in depositing 
weld reinforcement on the surface of a pipe as illustrated in Figure 23-6 [NRC 88- 
01, ASME N-432]. The weld overlay technique is used in the power, process and 
pipeline industries to deposit weld reinforcement on the outer wall of a locally 
corroded or eroded section of pipe. Weld overlay is not recommended to repair 
cracks, but rather as reinforcement for locally thinned pipe. 

Several considerations apply in the selection and application of weld overlay 
repairs: the compatibility of the weld with the base pipe metal, the sequence of 
weld bead deposition, the number of passes which can be applied, and the neces¬ 
sity to minimize residual stresses, particularly tensile stresses which can affect 
crack formation and propagation. 
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Figure 23-6 Weld Overlay 

The structural integrity of weld overlays over corroded pipe may be quali¬ 
fied by burst test of a mock-up [ASME N-561, N-562]. In most cases, a first bead 
is deposited along the perimeter of the area to be repaired. This is followed by two 
perpendicular layers of weld deposit to achieve sufficient reinforcement. 

For gas pipelines, ASME B31.8 section 851.43 permits the repair of small 
corroded areas by weld deposit with low-hydrogen electrodes [B31.8]. 

Weld overlay may be performed in service if (1) the technique is qualified 
under identical conditions (heat input, flow rate, vapor formation, etc.); (2) the 
fluid is non-flammable; and (3) the remaining wall is sufficient to avoid bum- 
through. 

If weld overlay is performed while a pipeline is in service, it is necessary to 
qualify a low-hydrogen welding process that prevents underbead cracking and 
bum-through. A temper bead technique may be necessary on thicker pipe (t > 
0.125”) whereas each weld pass tempers the previous one [Edison]. 
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23.5 FULL ENCIRCLEMENT SLEEVE 


A degraded pipe can be repaired with a full encirclement split sleeve, Figure 
23-7, with or without the two circumferential fillet welds to seal the ends of the 
sleeve. In the pipeline industry, a sleeve without the two end closure welds is re¬ 
ferred to as type A, and a sleeve with the two end closure welds is referred to as 
type B. 

A type A sleeve (no end closure welds) serves to reinforce a locally cor¬ 
roded area and compress the pipe wall to avoid the formation of an outward bulge 
that precedes failure by overpressure burst or pressure cycling fatigue in ductile 
material. 

With a type B sleeve (with the two end closure welds) the sleeve serves the 
same role as the non-welded sleeve but also provides leak tight containment in 
case of failure of the pipe. The circumferential weld could also be sized to contain 
the thrust force in case of full separation of the degraded pipe. The repair of pipe¬ 
lines using welded split sleeves is recognized as an acceptable repair technique [49 
CFR 192, 49 CFR 195, API 570, API 2200, ASME B31.4, ASME B31.8]. 


End Fillet 



Figure 23-7 Full Encirclement Split Sleeve, with Circumferential Weld 

Welded steel sleeves can be used for internal or external local wall thinning 
(pitting or broader metal loss). If the corrosion is internal, it will continue to prog¬ 
ress to eventually leak through.' 

Type A sleeves (no end closure welds) should be as thick as the pipe. They 
are useful if they place the pipe wall in compression by means of a very tight fit 
between the sleeve and the pipe, or by heating the sleeve prior to welding the lon- 
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gitudinal seams. A hardenable filler material should be used to fill and bridge any 
discontinuity under the sleeve. 

Tests have shown the benefits of pre-heating the sleeve before encircling the 
pipe to achieve a tight shrink-fit and reduce tensile stresses. In a recent study, with 
the hoop stress in the pipe away from the sleeve at 72% yield, the hoop stress in 
the sleeve was at 35% yield, while the pipe under sleeve was put in slight com¬ 
pression with a compressive hoop stress of 0.8% yield. This result is significant 
when compared to a sleeve installed in service, which is reported to pick-up at 
most 10% to 20% of pipe hoop stress, no matter how well fitted to the pipe [Bron- 
gers]. 


The ends of type A sleeve should be sealed to avoid corrosion in the pipe-to- 
sleeve annulus. 

Type B sleeves are used to repair a pipe crack; the crack must be shown to 
be stable and not able to propagate beyond the sleeve. 

In principle, the hoop stress under a type B sleeve may be relieved by hot 
tapping through the sleeve and pressurizing the annular space between the pipe 
and sleeve, but this poses several practical problems: 

(1) In liquid service, the sleeve-to-pipe annulus may be so tight, if the sleeve was 
properly installed, as to not allow liquid to evenly fill the annulus. 

(2) The pressure of fluid in the annulus (whether by hot tapping or because the 
pipe has corroded through and leaked) will vary with line pressure and cause fa¬ 
tigue of the sleeve closure weld. Resistance to fatigue makes full penetration lon¬ 
gitudinal seams in sleeves preferable to side strips, as noted in | Figure 23-7. | 

(3) If the leaking fluid fills the sleeve-to-pipe annulus, it will be necessary to size 
the sleeve and the fillet weld to contain the leak pressure. API 570 and ASME 
B31.8 would require the patch to have a strength “equivalent to a reinforced 
opening”, and the capacity to absorb “membrane strain” in accordance with the 
principles of the design code. 

(4) If the leaking fluid fills the sleeve-to-pipe annulus, it will be necessary to take 
into consideration the future crevice corrosion in the annulus. 

In the nuclear power industry, the full-encirclement sleeve is an option for 
temporary repair of safety related piping provided the full-encirclement sleeve and 
its welds have to be capable to fully react the loads resulting from a fully severed 
pipe (guillotine break). 
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23.6 FILLET WELDED PATCH 


The repair of local flaws may be accomplished by fillet welding a circular or 
square steel patch to the pipe outer diameter, Figure 23-8. Because of it simplicity, 
this is a common repair technique [API 510, API 570] except for pipelines where 
patches are not used if the hoop stress exceeds 20% of yield. The patch is of simi¬ 
lar or higher-grade material than the pipe, has a thickness comparable to the pipe 
so that the membrane stresses in the patch and in the welds do not exceed the de¬ 
sign code allowable, and has rounded comers to limit local stresses. 



API 570 limits the use of patch repairs to pipe base material with a yield 
strength not more than 40 ksi. Both ASME B31.4 and B31.8 prohibit the use of 
welded patches on high strength pipe. ASME B31.4 limits the material to API 5L 
Grade X42 and B31.8 to material with a maximum specified yield of 40 ksi. 

For hazardous liquid pipelines, ASME B31.4 limits the patch length to 6” 
and limits its use to pipe sizes 12” and less. 

A variation of the fillet-welded patch is to repair a small pitting leak by fillet 
welding a small bore fitting (NPS 2 or smaller) to cover the leak. 


23.7 FLUSH WELDED PATCH 


The damaged section is cut out of the tank, vessel or pi pe and replace d by a 


section of the same size, butt welded flush to the existing pipe jFigure 23-9. 


This technique is mostly used for the repair of pressure vessels and tanks, 
and more rarely for piping where the smaller diameter makes butt-welding a patch 
more difficult. API 570 permits flush patch inserts, welded by groove welds to the 
pipe and volumetrically examined. The National Board Inspection Code [NBIC] 
section RD-2060 addresses full penetration patches, rolled or pressed to the proper 
curvature. If the patch is rectangular, it should have rounded comers to reduce 
stress concentrations. Post-weld heat treatment will be required if it was mandated 
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by the construction code of the original vessel or if the patch weld results in large 
residual stresses. The difficulties with flush patches are primarily construction 
challenges (the alignment of the patch with the existing vessel which requires tight 
bending and alignment tolerances). 



23.8 WELDED LEAK BOX 

A welded leak box consists of a pipe jacket with e nd pieces, plac ed around 
the section to be repaired, and seal welded to the pipe, 1 Figure 23-lQl If the de¬ 
graded pipe leaks, the fluid would be contained in the leak box. A leak detection 
drain or pressure gage can be added to indicate the onset of leakage. The box must 
be sized to contain the design pressure of the leaking fluid. This is typically 
achieved in one of two ways: design by analysis or by test. In the case of analysis, 
the box must meet the applicable code design equations. The difficulty arises at 
the end pieces. These could be standard pipe caps with a hole opening bored at the 
center, machined reducers or perforated flat plates. To qualify such an end piece, a 
detailed analysis is often required (refer for example to ASME VIII Division 2 
Appendices 4 or 6). 

Alternatively, the leak box can be qualified as an unlisted component by 
proof test [ASME B16.9, ASME VIII Div.l UG101, ASME I A-22 or MSS-SP- 
97]. In this case, a prototype is proof tested until it bursts or deforms. The design 
pressure is equal to the burst or deformation pressure divided by a safety factor 
consistent with the design code. 
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The stability of a through wall crack should be analyzed, with adequate 
safety margins, to assure that an unstable crack will not longitudinally split and 
propagate through the repaired pipe beyond the ends of the leak box. 



Figure 23-10 Welded Leak Box 

The box and its welds must be sized to react the longitudinal bending 
stresses due to sustained or occasional design loads (such as weight, thermal ex¬ 
pansion, wind, waterhammer, as applicable). In this case, the designer may con¬ 
sider the host pipe to be completely ruptured (circumferential guillotine break) 
with the leak box reacting all loads. If the loads are excessive, additional pipe re¬ 
straints may be added on both sides of the leak box. The leak box must be suffi¬ 
ciently long so that the end pieces are welded to sound metal. 

23.9 MECHANICAL CLAMP 

A mechanical clamp is a housing comprised of two half shells, with two end 
gasket rings that are tightened against the pipe outer diameter by bolting [API 6H], 
Figure 23-11. 



Figure 23-11 Mechanical Clamp 
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Mechanical clamps are commonly used in power and process piping sys¬ 
tems. Certain clamps may be welded to the pipe, in which case the clamp may be 
pressure tested and the welds examined. The repair method is listed in API 570 as 
an acceptable temporary on-stream repair provided the design accounts for the 
potential for guillotine break and separation of the pipe [API 570], 

Mechanical clamps are also permitted for temporary repair of nuclear power 
plant Class 2 and Class 3 piping systems provided the clamp is designed assuming 
full severance of the pipe, and the area in the vicinity of the clamp is regularly 
inspected [ASME XI, NRC 90-05]. 

A thermosetting sealant can be injected between the leaking pipe and the 
clamp. The sealant cures and seals the leak. A range of sealants is available to best 
suit the application. 

23.10 COMPOSITE OVERWRAP 

The use of a non-metallic composite overwrap is a repair technique for cor¬ 
roded or dented pipes or pipelines that does not require welding [FR-60], Some 
composite overwraps follow the same principle as a type A full encirclement 
sleeve. Their objective is to reinforce the corroded wall thus avoiding outward 
bulging of the pipe wall that precedes burst failure of the thinned area, Figure 23- 
12 . 




Figure 23-12 Ductile Burst is Preceded by Outward Bulging 

Other overwrap sleeves also provide a leak tight boundary: a resin impreg¬ 
nated fiber glass is wrapped by hand several times around the leaking pipe, and 
left to cure, Figure 23-131 The cured wrap solidifies around the pipe and seals the 
leak. 


As an alternative, a filler is brushed over the outer diameter of the pipe in 
the corroded section to fill gaps and assure a tight contact between the pipe and the 
overwrap. An adhesive is applied over the filler. The sleeve is rolled around the 
pipe, with adhesive applied on each successive wrap. A strap tightens the wrap 
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before curing. As it cures, the overwrap stiffens and will prevent the outward 
bulging of the repaired pipe [Boreman, Clock Spring, Citadel Technologies, 
Mitchell]. 

The strength of the overwrap should be established by proof testing of 
wrapped pipe with machined defects. If the mechanical properties of the overwrap 
will be altered by the environment, a design life should be defined for the repair. 



Figure 23-13 Composite Overwrap Repair 


23.11 BURIED PIPE REHABILITATION 


The need to repair buried pipe without the costly effort of digging, has re¬ 
sulted in the development of several trenchless repair techniques. The first trench¬ 
less repair is accomplished by inserting a chemically resistant high-density poly¬ 
ethylene (HDPE) pipe inside the existing degraded pipe. 


The HDPE liner is first deformed into a U-shape, and pulled through the 
existing pipe, Figure 23-14. The U-shaped liner is then reformed to its circular 
shape, forming a pipe within a pipe [ASTM F 1533], Two important considera¬ 
tions for this repair technique are (1) the remote cutout and proper sealing of 
branch openings to avoid infiltration in the pipe-liner annulus, and (2) sealing the 
pipe-to-liner terminations. 


The choice of the liner material is important because polymer liners can lose 
their function by collapse under annulus pressure by permeation or from chemical 
dissolution. Gas permeation becomes a concern when the line pressure drops and 
the annulus pressure becomes sufficient to collapse the liner. Polyamide liners 
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have been successfully used in oil and gas pipelines where HDPE had only lasted 
18 months at 130°F and 600 psi. [Berry, Mason, Lebsack]. 



The trenchless repair of long runs of underground pipe can also be achieved 
by the insertion of a liner which unfolds inside-out as it is inserted, and then is 
heated and cured in-place (in-situ) to bond with the existing pipe. This repair tech¬ 
nique is used in many applications, including waterworks and gas pipelines 
[ASTM F 1216], It has also been used to rehabilitate degraded service water lines 
in nuclear power plants. The primary component is a tube made of polyester felt 
which is impregnated with a thermosetting resin containing reinforcing fillers, 
such as fiberglass, and a curing agent. 

First, the liner is selected and designed to restore the strength of the deterio¬ 
rated pipe. This design depends on the extent of degradation, established by wall 
thickness and condition inspections of the host pipe, and the properties of the liner. 
The liner can be sized to provide, by itself, the full strength of the degraded host 
pipe. The host pipe is cleaned from debris and sharp protrusions that may damage 
the liner or prevent proper contact between the liner and host pipe. 

The resin-saturated tube is introduced at a staging point at one end of the 
pipe. The liner is secured to the end of the pipe and inverted while being pushed 
into the degraded host pipe by hydrostatic pressure. Once fully inserted, with the 
resin now in contact with the host pipe inner diameter, the water in the liner is 
heated or steam is circulated, which causes the resin to cure and bond with the host 
pipe. The liner is subjected to a final visual inspection. Surface flaws may be cor¬ 
rected by grinding and trowel of newly mixed resin to fill the repaired area. Voids 
may be repaired by drilling small access holes through which newly mixed resin is 
injected. Samples of the cured resin are tested to confirm material properties used 
in design. 
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Another trenchless repair technique is live pipe insertion, a method used in 
gas distribution to repair aging buried lines without interrupting gas flow. In this 
repair method, a new plastic pipe is inserted into the existing larger diameter metal 
pipe. The inserted pipe is pressure tested in place while flow continues without 
interruption through the annular space between the old and new pipe. The new 
plastic pipe is then connected to carry the flow while the annular space is sealed 
off by injection of high-density polyurethane. 



Figure 23-15 Pipe Splitting with Polyethylene Pipe Follower 


In pipe splitting, also called pipe bursting an existing underground pipe is 
split longitudinally then expanded by a bullet head pulled into the pipe, Figure 23- 
15. A new pipe, typically polyethylene, is attached to the back of the bullet head 
and is pulled into the space created by the split pipe. Branch connections must be 
removed before the operation. A dig is made at the old branch connection and the 
branch is cut out and removed. A new branch or tee is installed after insertion of 
the replacement pipe. 

23.12 BRUSHED AND SPRAYED LINING AND COATING 

A number of linings (covering the inner diameter) and coatings (covering 
the outer diameter) can be rolled, brushed or sprayed on the pipe to stop erosion, 
corrosion or abrasion of the pipe wall. Typically they are classified as thin (less 
than 20 to 40 mil paint types) or thick (over 40 mils). The pipe is cleaned by 
blasting or scraping to white metal with a smooth profile [SSPC], The pipe may be 
rinsed with a solvent to clean dust particles and primed to avoid mst on the newly 
exposed surface. This cleaning step is critical to assure proper adhesion of the new 
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lining to the existing pipe. The lining is then applied. It may consist of a sealer to 
prepare the surface by filling pits and surface defects and an epoxy based resin 
with a curing agent, and possibly mineral reinforcements. One or two applications 
may be necessary to achieve the required thickness. 

Linings are factory applied on new pipes or applied in the field. With large 
diameter pipe, the lining is applied by field spray, brush or roll by a qualified op¬ 
erator wearing the necessary protection and breathing air mask, crawling inside the 
pipe. Where this is not possible, the operation can be performed by remotely con¬ 
trolled tools such as mechanical and chemical cleaning pigs followed by a crawler 
with rotating heads that spray the coating on the pipe, with remote camera inspec¬ 
tion of the process. The access of crawlers may be limited by valves, tees or el¬ 
bows. 


If the degradation is due to aggressive abrasion of the inner diameter, a ce¬ 
ramic reinforced epoxy liner may be used. To protect against abrasion of the outer 
diameter, such as scratching on the surface of pipelines during directional drill 
insertions, an epoxy based polymer concrete may be used to protect fusion bonded 
epoxy or coal tar enamel coating. With the right hardener, the concrete-epoxy may 
be used directly on steel pipe. This concrete-epoxy coating is applied in thickness 
as low as 10 mils. ASME B31.ll, provides some practical guidance regarding 
protective coatings for buried pipe. The coating must mitigate corrosion, have 
sufficient adhesion, be ductile, have sufficient strength and be compatible with 
cathodic protection, if used [ASME B31.ll]. 

23.13 PIPE STRAIGHTENING 

While it is preferable to replace an accidentally bent pipe, there are times 
where this may not be feasible. In these cases, an accidentally bent pipe may be 
straightened back into position, with certain precautions: 

(a) The initial accidental bending and subsequent straightening should not cause a 
dent or gouge. 

(b) The pipe cross section should not ovalize more than permitted in the construc¬ 
tion code (for example, the ovality should not exceed 8% for ASME B31.3 proc¬ 
ess piping). 

(c) The bent and straightened pipe should not be wrinkled (based on a visual and 
manual check). 

(d) Cold straightening (where the straightening operation takes place below the 
minimum transition temperature of the metal, for example 1300°F for carbon steel) 
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is possible if permitted by the construction code, otherwise straightening should be 
performed at the hot bending temperature specified by the construction code. 
Flame straightening should be limited to 1200°F for plain carbon steel, 1000°F for 
specially heat-treated steel, and 700°F for stainless steel. The line may be forced 
into shape, restrained and then heated while restrained for stress relief. The re¬ 
strains can then be removed once the line is cooled to ambient temperature. 

(e) In critical service, if the straightened pipe contains a weld joint, the weld 
should be volumetrically examined. The integrity of any mechanical joints (flange, 
tube fitting, etc.) should be evaluated separately. 
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24 

Plastic Pipe 


24.1 PLASTIC FORM 

A plastic is a solid material that consists of long, heavy molecules of organic 
compounds. Vinyl chloride (C 2 H 3 C1) was first discovered accidentally at the end 
of the 19 th century. When its exceptional corrosion resistance and good mechanical 
properties were recognized, it started to be produced commercially, including in 
pipe form, as polyvinyl chloride in the 1930’s [UniBell], 

There are two forms of plastic pipes: thermoplastics and thermosets. Ther¬ 
moplastic pipes are pipes that can be repeatedly softened when heated and hard¬ 
ened when cooled, without effect on the material’s chemical properties. They are 
typically manufactured either by extrusion of a melted product through a die, or by 
injection of a melted product into a mold. Common thermoplastic pipes include 
PVC (Polyvinyl chloride), polyethylene (PE), high density polyethylene (HDPE), 
chlorinated PVC (CPVC), acrylonytrile butadiene styrene (ABS), styrene rubber 
(SR), polybutylene (PB), polypropylene (PP), polyvinyldiene chloride (PVDC, 
Saran R ), fluoroplastics such as polyvinyldine fluoride (PVDF) or polytetrafluo- 
rethylene (PTFE, such as Teflon R or Halon R ) or ethylene chlorotrifluoroethylene 
(Halar R ), styrene-rubber (SR), chlorinated polyether (CPE), cellulose acetate bu¬ 
tyrate (CAB), and polycarbonate (Lexan R ). 

The second type of plastic pipe material is thermosetting, which includes 
epoxies, phenolics, and polyesters. A thermosetting resin sets permanently when 
cured. It is used as-is for lining or coating, or it can be reinforced with fibers and 
used to make pipe, fittings and components. Reinforced thermosetting resins can 
be manufactured either by winding or casting. Winding is accomplished by 
weaving and then curing a filler (for example, fiberglass filaments) saturated with 
resin around a mandrel. Casting is accomplished by centrifugally projecting a 
mixture of chopped fiberglass and resin against the walls of a cylindrical mold. 
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These pipes are commonly called fiber reinforced plastics (FRP). Common resins 
used in FRP piping include epoxy, polyester, vinylester and phenol-, urea-, mela¬ 
mine-formaldehydes [Chasis, Van Droffelaar]. 

Rubber is a natural or synthetic material, an elastomer (elastic polymer) 
[Dillon]. It is a soft material used in piping systems in the form of hose, gasket or 
packing. Common synthetic rubbers include Buna S (butadiene-styrene), Buna N 
(butadiene-acrylonitrile), Neoprene (chloroprene), EPDM (ethylene-propylene- 
diene-methylene) and Butyl (isobutylene). 

24.2 SIZE 

Plastic pipe can be procured in several size designations. For industrial pres¬ 
sure service, there are two common size designations: schedules [ASTM D 1785] 
and pressure ratings [ASTM D 2241]. Common schedules are 40, 80 and 120. A 
2” schedule 40 PVC pipe has an outside diameter of 2.375” and a wall thickness 
of 0.154”, same as a steel pipe of the same nominal size and schedule. A rated 
pipe is designated by its standard dimension ratio or SDR, which is the ratio of 
pipe diameter to wall thickness. Common SDR values are 64, 51, 41, 32.5, 26, 25, 
21, 18, 17 and 13.5. For example, a 2” SDR17 pipe has an outside diameter of 
2.275”, same as a schedule pipe, but a wall thickness of 2.275”/17 = 0.140”. 

24.3 CHEMICAL RESISTANCE 

The chemical properties of plastic pipes and their corrosion resistance reflect 
the broad choice of polymers and additives that can be used in their manufacture. 
Thermoplastics and fiber reinforced pipes are particularly well suited for inorganic 
fluids such as diluted acids, ammonia gases, alkalites, acids, salts, organic fluids, 
natural gas and oils. PTFE such as Teflon R is resistant to most chemicals, with 
very few exceptions, but can degrade under radiation. Because of its corrosion 
resistance, PVC is a common material for drinking water pipes. There are however 
several environments that can corrode plastic pipes, particularly above 120°F. 
These include acetic acids, benzene, liquid bromine, carbon bisulfide, wet chlorine 
gas and liquid chlorine, ethers and ethyl esters, and Freon F21 and F22. Plastic 
pipes are generally resistant to microbiologically induced corrosion (MIC) since 
they contain no nutrients of interest to biological organisms. 

Vinyl based plastics such as PVC, CPVC and VC (vinyl chloride or Saran R ) 
have good corrosion resistance in most services. PVC is however combustible and 
sensitive to ultraviolet rays, and its service temperature is limited to approximately 
140°F. CPVC is more resistant to combustion and can be used up to approximately 
210°F. Polyolefins such as HDPE, PP (polypropylene), PB (polybuthylene), and 
polyurethane have good corrosion resistance, with service temperatures up to 
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200°F. HDPE is widely used in gas distribution systems. Fluoropolymers such as 
PVDF, FEP (fluorinated polymer) have good rigidity and wear resistance, with 
service temperatures up to 350°F. 

The use of plastic pipe and plastic liners is more often limited by tempera¬ 
ture rather than corrosion resistance. Rather than wall thinning or pitting, corrosion 
damage in plastics tends to take the form of softening, hardening, swelling or em¬ 
brittlement [Dillon], To assess the chemical resistance of plastic pipe it is recom¬ 
mended to start with catalogs and technical bulletins published by plastic pipe 
fabricators. 


24.4 PHYSICAL AND MECHANICAL PROPERTIES 

Physical properties of plastic pipes include the material specific gravity, the 
coefficient of thermal expansion in the range of 8 10’ 6 to 80 10' 6 1/°F, and whether 
the material supports combustion (Table 24-1) 


Table 24-1 Physical Properties of Plastic Pipes [Chasis] 



ASTM 

Test 

PVC 

CPVC 

PE 

FRP 

General 

Specific 

gravity 

D792 

1.38 

1.55 

0.95 

1 to 2.5 

Expansion 

.go- 6 m 

D696 

30 

38 

78 

8 to 30 

Supports 

combustion 

UL 

No 

No 

Yes 

Some 


Mechanical properties of plastic pipes are listed in Table 24-2. 


Table 24-2 Mechanical Properties of Plastic Pipes [AWWA M45, Chasis] 



ASTM 

Test 

PVC 

CPVC 

PE 

FRP 

General 

Short term tensile 
strength (ksi) 

D638 

D2105 

7.2 

8.4 

3.3 

7 to 80 

Modulus of Elas¬ 
ticity (ksi) 

D638 

D2105 

420 

420 

120 

500 to 
5000 

Short Term Flex¬ 
ural Strength (ksi) 

D790 

14.5 

15.4 

3 

10 to 70 

Izod impact (ft- 
lb/in notch) 

D256 

0.7 

3.0 

7.0 
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An important mechanical characteristic of plastics is their viscoelasticity. If 
a constant stress is applied to the plastic (for example, a weight is hung from one 
end of a plastic pipe), the pipe will deform instantaneously (short term elasticity), 
but if the stress remains (the weight is not removed) the deformation will continue 
(in our example, the pipe holding the suspended weight will keep stretching). The 
material is said to creep. That is why time under load (pressure, weight or other 
loads), which means time of service or design life, must be considered when de¬ 
signing plastic systems. Most standards base their plastic design on a 50-year de¬ 
sign life, and take into consideration 50-year properties. The creep behavior can be 
represented by [Janson] 

e = (ct / E s ) + (o / E l )[1 - exp(-Et / %)] + (a / r^ 3 )t 

e = total strain of plastic under applied tensile stress 

a = applied tensile stress, psi 

E s = short-term elastic modulus, psi 

E l = long-term elastic modulus, psi 

t = time at stress, sec 

r| 2 = material viscosity, psi-sec 

r| 3 = material viscosity, psi-sec 

The first term is the short-term, immediate, elastic strain a/E s . The second 
term is an elastic-viscous term that, as the time tends to infinity, tends towards the 
long-term elastic deformation ct/E l . The third term is a linear viscous deformation, 
continuously increasing with time. 

24.5 PRESSURE DESIGN 

The pressure design of plastic pipe is given by one of the following equa¬ 
tions [B31.3, FPI] 


t = P(D-t) / (2S) 

P = 2S / (SDR - 1) 
t = PD / (2S + P) 


P = pressure rating, psi 
t - pipe wall thickness, in 
D = pipe outer diameter, in 
S = allowable hoop stress, psi 
SDR = standard dimension ratio 
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The allowable hoop stress S, the maximum permitted tensile stress, is called 
the hydrostatic design stress (HDS). It is the hydrostatic design basis (HDB) di¬ 
vided by a safety factor [ASME B31.3, UniBell]: 

S = HDS = HDB / SF 


S — allowable hoop stress, psi 
HDS = hydrodynamic design stress, psi 
HDB = hydrostatic design basis, psi 
SF =safety factor 

therefore 


P = [2 HDB/(SDR - 1)]/SF 

The HDB is obtained through a series of long-term rupture tests, as the low¬ 
est of the following three values [ASTM D 2837]: 

(1) The tensile stress that causes rupture in 100,000 hours (11.4 years) or long 
term hydrostatic strength (LTHS), obtained by extrapolation of a 10,000 hour 
(1.14 years) test. The LTHS is then assigned an HDB following a procedure de¬ 
scribed in ASTM D 2837. For example a measured LTHS between 190 psi and 
230 psi is assigned an HDB of 200 psi, LTHS between 240 psi and 290 psi is as¬ 
signed an HDB of 250 psi. 

(2) The 50-year hydrostatic strength, obtained by extrapolation of a 10,000 hour 
test. 

(3) The stress that causes a 5% expansion of the material in 100,000 hours, ob¬ 
tained by extrapolation of a 2,000 hour (83 days) test. 

The HDB tests are repeated at several temperatures to obtain HDS = HDB / 
SF listed in the design code as a function of temperature (Table 24-3). 


Table 24-3 Temperature, HDS and MSTB 


Material 

T min 

T max 

HDS 

HDS 

HDS 

MSTB 


(°F) 

(°F) 

70°F 

100°F 

180°F 

(ksi) 




(ksi) 

(ksi) 

(ksi) 


PVC1120 



2 

1.6 

- 

7.53 

CPVC4120 



2 

1.6 

0.5 

7.53 

PE3408 

tmm 

180 

0.8 


- 

2.96 
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The long-term strength of plastics, reflected in HDS, is quite different from 
their short-term strength, reflected by their mean short-term burst stress (MSTB). 
The short-term strength Pst is typically defined and measured as the pressure that 
will burst the pipe when raised from 0 ksi to Pst ksi in 60 to 70 seconds [ASTM D 
1599], As an example, the short-term tensile strength of PVC is 7 to 8 ksi, the 
short term flexural strength is 11 to 15 ksi. The long-term tensile and flexural 
strength is HDB = 4 ksi. With a safety factor of 2.5, and operating at ambient tem¬ 
perature (no temperature derating factor) the allowable stress is 1.6 ksi. If the pipe 
is designed for a pressure hoop stress of 4 ksi / 2.5 = 1.6 ksi, the longitudinal pres¬ 
sure stress will be 1.6/2 = 0.8 ksi, and therefore the allowable bending stress 
would be 1.6 - 0.8 = 0.8 ksi. 

The safety factor SF used to calculate HDS = HDB/SF, or its inverse called 
the service factor or design factor, varies with service. For example, for water 
service at ambient temperature (70°F), the safety factor is 2. Given the HDB and 
SF, the allowable stress is calculated as HDB/SF and the pressure rating is estab¬ 
lished for each pipe size (D and t). For example, a 12.75” diameter PVC pipe has 
a HDB of 4000 psi at 70°F. Applying a safety factor of 2, the HDS is 2000 psi. If 
the design pressure of the system is 200 psi, the design equation is 

2 x 2000 / (SDR - 1) = 200 

Therefore, SDR is 21, a standard SDR size, and the corresponding wall thickness 
is 12.75/21=0.61”. 

To account for the reduction in tensile strength at temperature, the pressure 
rating of thermoplastic pipe is reduced with temperature. The temperature correc¬ 
tion factor is: 

PVC: 1.0 at 70 F down to 0.15 at 150 F. 

CPVC: 1.0 at 70 F down to 0.15 at 210 F. 

PP: 1.0 at 70 F down to 0.26 at 170 F. 

PE: 1.0 at 70 F down to 0.63 at 130 F. 

PVDF: 1.0 at 70 F down to 0.25 at 240 F. 

For PVC pipe in waterworks, the pressure class is established as [AWWA C 900] 

P = [2 HDB/(DR- 1)]/SF-P s 


SF = 2.5 safety factor 

P s = surge allowance based on 2 fps instantaneous variation of flow velocity (typi¬ 
cal flow velocity in municipal water mains operating at 80 psi). In special condi¬ 
tions water distribution systems may be designed for flows of 6 to 8 fps. The pres- 
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sure surge is due to th e waterham mer that would take place if the flow was 
stopped instantaneously (Chapter 9) 


24.6 PRESSURE CYCLING FATIGUE 

Failure of plastic pipe or fittings could occur by fatigue under repetitive 
pressure cycles. For a PVC pipe, the maximum hoop stress S for a number of cy¬ 
cles C is [Vinson, Uni-Bell] 


S = (5.05 10 21 /C)°' 204 

AWWA M23 reports that PVC pipe can withstand 4000 cycles of 5 ksi hoop 
stress, and 1.5 million cycles at 1.5 ksi. For reinforced thermosetting resins, 
ASTM D 2992 procedure A provides a method to determine the hydraulic design 
basis for cyclic pressure, which results in a fatigue resistance for fiberglass piping 
of approximately 100 cycles at 20 ksi hoop stress, and 100 million cycles at 8 ksi 
hoop stress [FPI]. 


24.7 PRESSURE DESIGN OF FITTINGS 


For the same schedule, plastic pipe fittings have lower allowable working 
pressures than straight pipe, as illustrated in Tables 24-4 and 24-5. 


Table 24-4 Pressure Rating of Pipe and Fittings (psi), Schedule 40 


Size 

OD 

t 

BP 

PR 

MP 

vs 

1.050 

0.113 

1540 

482 

289 

1” 

1.315 

0.133 

1440 

450 

270 

2” 

2.375 

0.154 

890 

277 

166 

3” 

3.5 

0.216 

840 

263 

158 

4” 

4.5 

0.237 

710 

222 

133 

Table 24-5 

Pressure Rating of Pipe and Fittings (psi), 

Schedule 80 


Size 

OD 

t 

BP 

PR 

MP 

y<” 

1.050 

0.154 

2200 

688 

413 

i” 

1.315 

0.179 

2020 

630 

378 

2” 

2.375 

0.218 

1290 

404 

243 

3” 

3.5 

0.3 

1200 

375 

225 

4” 

4.5 

0.337 

1040 

324 

194 


OD = pipe outside diameter, in 
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t = pipe wall thickness, in 

BP = burst pressure of pipe, psi (ASTM D1785, Table 6, test per ASTM D1599). 
PR = pressure rating of pipe, psi (ASTM D1785, Table XI .1). 

MP = maximum working pressure of fitting, psi 

24.8 SUPPORT SPACING 

The spacing of pipe supports in plastic pipes is governed by the allowable 
bending stress and mid-span sag. For plastics, the following allowable bending 
stress has been established based on the material’s hydrostatic design basis HDB 
[UniBell] 


Sh = (HDB/2)(T/F) 


S b = allowable bending stress, psi 
HDB = hydrostatic design basis, psi 

T = temperature rating factor, for PVC T = 0.88 at 80°F, down to 0.22 at HOT 
F = safety factor = 2.0 to 2.5 

The spacing L between supports on continuous spans can then be deter¬ 
mined from the beam bending stress, as 

wL 2 / (10 Z) < (HDB / 2)(T / F) 

w = distributed weight of pipe and contents, lb/in 
L = distance between consecutive supports, in 
Z = pipe section modulus, in 3 

In addition to bending stress, pipe sag at mid-span must be addressed in 
spacing pipe supports. A maximum sag of 0.2% of the span length has been used 
[AWWA C 900]. This limit can be written as 

wL 4 / (128 El) < 0.2% L 

or 

L< (0.256 El/w) ,/3 

E = pipe material Young’s modulus, psi 
I - moment of inertia of pipe, in 4 

A closer spacing is required where there are concentrated in- l ine 
weights, s uch as valve s. Plastic and FRP pipe have a lower modulus of elasticity 
than steel [Table 24-2)| and must therefore be supported on shorter spans, particu- 
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larly at temperatures above ambient. Table 24-6 is an example of support spacing 
for PVC pipe, Table 24-7 for fiber reinforced plastic (FRP) and Table 24-8 for 
high density polyethylene. 


Table 24-6 Support Spacing for PVC Pipe (ft) vs. Pipe Size (in) [Harvel] 




Sch.40 


Sch.80 



60°F 


140°F 

60°F 


140°F 

y 4 ” 

5 


2.5 

5.5 


2.5 

l” 

5.5 


2.5 

6 


3 

1.5” 

6 


3 

6.5 


3.5 

2” 

6 


3 

7 


3.5 

2.5” 

7 


3.5 

7.5 


4 

3” 

7 


3.5 

8 


4 

4” 

7.5 


4 

9 


4.5 

Table 24-7 

Support Spacing for FRP Pipe (ft) vs. Pipe Size (in) 




2” 3” 


6” 

8” 

10” 

12” 

Water 

11 14 

17 

21 

23 

25 

28 

Gas 

17 21 

18 

34 

39 

44 

48 

Table 24-8 

Support Spacing for HDPE Pipe (ft) 

vs. Pipe Size (in) 




4” 


12” 


24” 

SDR 32.5 


- 


9 


13 

SDR 26 


- 




13 

SDR 11 


7 


12 


16 


The Fiberglass Pipe Handbook [FPI] provides the following span length 
equation if there are no in-line concentrated weights 

Ls = [ d m E b I / (0.013 w) ] 1 ' 4 

L s = straight length between supports, in 
d m = allowable mid-point deflection 
E b = bending modulus of elasticity, psi 
I = moment of inertia of cross section, in 4 
w = linear weight, lb/in 

In large diameter liquid filled lines, to avoid large local stresses at the point 
of contact between pipe and support, steel or fiberglass cradles may be used. 

For service above normal ambient temperature, above ground FRP pipe is 
typically anchored (fully constrained against movement or rotation) every few 
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hundred feet, and simply supported between the anchors. In order to avoid com¬ 
pressive buckling as the pipe tends to expand between anchors, lateral guides 
should be placed at a distance given by [FPI] 

L g = 0.2671 [ E b I / (C, A T c E c ) ] 0 ' 5 

Lq = spacing between guides, ft 
C t = coefficient of thermal expansion 1/F 
A = cross section area of reinforced pipe, in 2 
Tc = temperature change, F 

E c = compressive modulus of elasticity, psi (~ 1.3 10 6 psi at 35°F, and 0.6 10 6 at 
200°F). 

24.9 FABRICATION AND EXAMINATION 

Thermoplastic pipes are joined by solvent-cemented fittings (PVC, ABS, 
CP VC), coated adhesive (FRP), butt strap adhesive (FRP), mechanical joints, 
threads or flanges (all), butt fusion (PE, PVDF), compression fittings (PE, PB). 
The assembly of plastic pipe must follow the pipe fabricator’s procedure. For 
pressure piping (ASME B31 application), assembly must be performed by quali¬ 
fied craft. 

24.9.1 Solvent Cementing 

(1) Break down the gloss. Use a primer or sand paper, then clean the surface. 

(2) Use the right cement for the pipe material and schedule. 

(3) Apply cement to the pipe and socket. 

(4) Insert pipe in socket. 

(5) Hold the joint together several seconds. 

(6) Avoid cold spring that would pull open the pipe. 

24.9.2 Coated Adhesive 

(1) Break down the gloss. Use a primer or sand paper, then clean the surface. 

(2) Mix hardener and adhesive. 

(3) Coat adhesive mix to pipe and socket or bell and spigot. 

(4) Insert pipe in socket. 

(5) Turn Va to Vz turn. 

24.9.3 Butt Strap Adhesive 

(1) Break down the gloss using a sand paper, then clean the surface. 

(2) Butt pipe ends together. Wrap the mat impregnated with resin around the joint. 
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24.9.4 Hot Plate Butt Fused Joint 


(1) 100% visual, daily bend-back test of a joint, data loggers to track and docu¬ 
ment plate temperature, compression force and time. 

(2) Volumetric ultrasonic inspection if critical service. 

(3) Watch for grass blades and machine lubricant in fused joint. 

24.9.5 Hot Plate Socket Joint 

(1) Heat male and female ends on hot plate, and insert. 

24.9.6 Hot Air Welding 

(1) Butt joints aligned. 

(2) Hot air melts a plastic rod that acts as filler metal. 

24.9.7 Electrofusion 

(1) A prefabricated fitting with electric wires at ends. 

(2) Parts assembled and current passed through wire. 

(3) Heat from electric resistance melts the joint at the wires. 

24.9.8 Flange Joints 

(1) Typically 1/8” thick full-face gaskets of neoprene or Viton R . 

(2) Torquing in star pattern (criss-cross) with pre-established torque. 

24.10 BONDING QUALIFICATION 

The qualification of metallic welds relies on bending the welded specimen 
in a U-shape, and then verifying that it did not crack. Since it is not possible to 
bend plastics (let alone a bonded plastic joint) in a U-shape, bonder qualification is 
achieved instead by pressure testing a bonded specimen. Fiber reinforced plastic 
joints have been qualified by a test at four time the rated pressure of the pipe, for at 
least one hour. But even with an excellent bonded joint, some thermoplastics could 
not sustain such high pressures, and a new bonding qualification pressure was 
introduced in the ASME B31.3 Process Piping code [Bradshaw]: 

CT b = 0.8 (0.5g s + 0.5a HD B) 


o b = stress at bond qualification pressure, psi 

Gs — stress at short term burst pressure, psi [ASTM D 1599] 

Grdb ~ stress at HDB pressure, psi [ASTM D 2837] 
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25 

Valves 


25.1 OVERVIEW 

In principle, industrial valves are faucets. Like faucets, valves are compo¬ 
nents used to control flow and pressure in a piping system, from fully open (full 
flow) to fully closed (isolation), and anywhere in-between (flow regulation). There 
are four main types of valves: (1) block valves (isolation, on-off service), (2) flow 
control valves (regulating, throttling), (3) check valves (non-return, back-flow 
prevention), and (4) pressure relief valves (liquid relief valves, gas safety valves). 

The valve itself consists of a body (cast, forged or machined from bar stock) 
with pipe nozzles (welded, flanged, threaded, or made of specialty fittings), a bon¬ 
net (welded, bolted or threaded to the body), a disc (a flat disc, a piston, a cylindri¬ 
cal or tapered plug, or a ball), a seat (against which the seat will close), a stem (a 
stick) connecting the disc to an actuator, and the actuator (a hand wheel, an air 
operated diaphragm, a hydraulic piston, or an electric motor, used to move the 
stem). The wetted parts of the valve, other than the body, are the valve trims: seat, 
disc, stem, packing, gasket, diaphragm, etc. 

Valve specifications (spec, sheets) address the following characteristics: 

(a) Construction and qualification standard 

ASME B16, NFPA, API, FCI, ASME VIII, National Board, etc. 

(b) Function 

Throttle, on-off, pressure regulation, pressure relief. 

Shutoff class: standard or other. Required seat-disc tightness is best specified by 
reference to the tightness classifications of FCI 70-2, FCI 91-2, MSS-SP-61, API 
Std. 527, or API Std. 578. 
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(c) Hydraulic Characteristics 
Line size. 

Fluid composition, corrosion characteristics. 

Specific gravity. 

Inlet temperature. 

Inlet pressure. 

Inlet vapor pressure. 

Normal pressure drop. 

Shutoff pressure across valve. 

Flow rate. 

Required flow coefficients C v C g C s 
Valve coefficient. 

Recovery coefficient K m C[ 

Noise level (OSHA limits 90 dba for 8 hours, and 115 dba for 15 minutes). 

Control valves have to be sized to achieve the desired function and deliver 
the desired flow rate and downstream pressure, while reducing the potential for 
flashing or cavitation. Check valves have to be sized to fully lift or swing open 
under normal flow conditions, and close without slamming on reverse flow. Safety 
and relief valves have to be sized to relieve the desired flow rate at the set pres¬ 
sure, and to re-close at the end of the overpressure transient, without shutter. 


(d) Valve 
Style. 

Pressure and temperature rating, typically defined as an ANSI B16 pressure class. 
Ends: screwed, flanged, butt, socket. 

Material: Iron, CS, SS, etc. 

Number of ports: 1 or 2. 

Flow direction: down or up. 

Any special qualifications (fire testing, seismic testing, etc.). 

The relationship between disc lift and flow rate, called valve characteristic, which 
is most often linear or equal percentage. 


(e) Trim 

Materials are selected for their resistance to corrosion and cavitation, with due 
consideration to cost and lead time. 

Cage or restrainer material. 

Bushing material. 

Seat ring material. 

Valve plug material. 

Valve plug guide: cage, port, stem, top and bottom. 

Valve plug balance: balanced or unbalanced. 

Port size: full area or partial area. 

Characteristic: linear, quick opening or equal percentage 


Chapter 9). 
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(f) Bonnet 

Style: standard or other. 

Boss: standard or other. 

Packing: TFE, Graphite, other. 

Bolting: standard or custom material. 

Fugitive emissions tightness (standard for leakage to atmosphere, mandated by the 
Clean Air Act, regulated in the U.S. by the Environmental Protection Agency). 

(g) Actuator 

Style: piston, diaphragm, other. 

Size and thrust. 

Air to actuator: 3 top 15 psi, 6 to 30 psi, other. 

Close, open or lock on loss of power or air. 

Hand jack: top or side. 


25.2 GATE VALVES 


A gate valve, Figure 25-1. is a block valve intended to operate fully open or 
fully closed. The gate is moved by linear motion of the stem. The flow character¬ 
istic of gate valves (flow vs. gate travel) is very uneven, and flow control with a 
gate valve is not practical. A gate valve used partially open can cause severe flow 
cavitation, erosion of the disc, valve and pipe, accompanied by noise or vibration. 


There are many types of gate valves. Some gate valves have a solid wedge 
disc (advantage: simple and sturdy construction. Disadvantage: the solid disc ex¬ 
pands at temperature and can bind against the seat; this effect is referred to as 
thermal binding. Also, the solid disc can bind if the valve body is slightly bent as a 
result of large pipe loads at the valve nozzles). 

Other gate valves have a flexible wedge (advantage: no binding of disc-seat. 
Disadvantage: fluid migrates into the bonnet, applying a downward pressure on 
the gate, making it more difficult to open; this effect is referred to as pressure 
binding). 


Gate valves can also have a parallel disc; the disc is specially designed to 
take advantage of the fluid pressure, sometimes further assisted by a spring inside 
the disc, to increase the disc-seat sealing force. Unlike other gate valves, the flow 
direction is critical across parallel disc valves, and, in this case, it becomes essen¬ 
tial to install the valve in the right direction of flow. 
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Figure 25-1 Gate Valve, Solid Wedge 


25.3 GLOBE VALVES 


The disc, ball or plug of a globe valve is moved by linear motion of the 
stem, IFigure 25-2 I The flow path and the disc-seat design permit reliable flow and 
pressure control, which makes the globe valve particularly well suited for regulat¬ 
ing service, in addition to its use as a block valve. Flow in a globe valve can be in 
either direction: flow under the plug (where flow direction tends to open the plug, 
shielding the stem packing from high pressure when the valve is closed) or flow 
over the plug (where flow tends to close the plug, providing better leak tightness in 
the closed position), it is therefore important to select the proper flow direction for 
the service and install the globe valve accordingly. Conventional globe valves with 
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stem at right angle (so-called Z body) cause several changes in flow direction and 
relatively larger pressure drops than most other control valves. The Y body valves 
have a stem angled relative to the body, a smoother flow profile and less pressure 
drop. Angle body valves (L shaped) have an outlet nozzle at right angle from the 
inlet nozzle and stem. The plug, cylinder or seat in a globe valve can be shaped to 
force the flow through specially designed slots or vanes. These special trims (re¬ 
ferred to as whisper trims or tortuous path) reduce turbulence, cavitation and noise 
across the valve. The design, dimension and flow sizing of globe valves is tightly 
controlled though the Instrument Society of America’s standards ANSI/ISA 
S75.15 and S75.16. 



Body—--- Sort 


Figure 25-2 Globe Valve 

A needle valve is a small globe valve, with a very narrow flow passage and 
a needle shaped stem that acts as stem and plug, and very tight threading on the 
stem drive which permits precise positioning. The body of needle valves is often 


Copyright © 2003 by Marcel Dekker, Inc. All Rights Reserved. 








made of machined bar stock. They are used for the very precise control of small 
flow rates (metering). 

25.4 PLUG VALVE 

A plug valve is a quarter turn (rotary) valve with a cylindrical or conical 
plug and a shaped opening (plug port), Figure 25-3. Plug valves with rectangular 
ports are used primarily as block valves, taking advantage of the short quarter-turn 
motion to close. Plug valves with specially shaped ports, and plug valves with an 
eccentric axis of rotation can also be used for flow control (throttling service). All- 
metal plug valves can be lubricated to prevent excessive friction, torque and gall¬ 
ing as the plug rotates. Alternatively, an elastomer sleeve or liner can be placed 
around the plug to reduce friction, eliminating the need for lubricant. 



Figure 25-3 Plug Valve 


25.5 BALL VALVE 

A ball valve is a quarter turn (rotary) valve with a spherical ball and a round 
or a specially shaped (characterized) opening of the ball. Ball valves can be used 
as block valves, with good leak tightness, or as flow control valves. The ball valve 
is useful for service with clean or dirty fluids since the ball rotates against the 
body, peeling debris and cleaning itself. However, if the ball is scratched or galled, 
the valve will leak when closed. Leak tight closure is therefore limited in practice 
to clean fluids. Like plug valves, ball valves can have a metal or elastomeric seal- 
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mg surface. On some valves, the ball has stops and can only rotate back and forth 
90°. Other valves have balls than can rotate 360°. 



25.6 BUTTERFLY VALVE 

A butterfly valve is a quarter turn (rotary) valve with a flat disc rotating 
around an axis, like the extended wings of a butterfly. 



A butterfly acts as a damper; when open, the disc and axis remain in the 
flow stream. Their great advantage is their narrow width and light weight, low 
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cost, their frictionless rotation that require little torque, and the simplicity of 
their design. They are well suited for large size, large flows and slurry service, 
and are often the valve of choice for waterworks. Elastomeric seats are often 
used, unless leak tightness is not critical, in which case metallic seats are used. 
Butterfly valves are available with a number of pipe end connections. Wafer 
butterfly valves are sufficiently narrow to be sandwiched directly between pipe 
flanges. 

25.7 DIAPHRAGM VALVE 

A diaphragm valve is a valve with a linear motion stem that pushes a flat 
disc (the compressor) against a diaphragm into the flow stream. The diaphragm 
seals against a weir in the valve body or against a contoured surface at the bottom 
of the valve body. The valve can be used as a block valve or in throttling service. 
In a diaphragm valve, the fluid is not in contact with the valve internals and stem 
packing, which makes it particularly well suited for very clean service (pharma¬ 
ceutical or food processing) and for corrosive service (where the diaphragm mate¬ 
rial can be selected for its corrosion resistance). A pinch valve is similar to a dia¬ 
phragm valve, but the valve body is simply a cylinder of soft material (for exam¬ 
ple polyethylene) that can be pinched closed by the linear motion of the stem. 

25.8 CHECK VALVE 

A check valves is a valve designed to automatically permit flow in one di¬ 
rection while preventing reverse flow in the opposite direction. Swing check 
valves have a disc hinged around a pin at the top of the flow opening, Figure 25-6. 
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The flow swings the disc open. If the flow stops, the disc weight will drive it 
to close. If the flow reverses before the disc has fully closed, the disc closure will 
now be driven by the combined effect of its own weight and the force exerted by 
the reversing flow, which could be quite large, causing the disc to slam shut, pos¬ 
sibly creating a water hammer or breaking the disc by impact. It is therefore im¬ 
portant to size a check valve so that (a) the normal flow is sufficient to lift the disc 
out of the way during normal low, and (b) the disc closes right when the flow 
stops, before the flow has had time to reverse and slam the valve shut. Note that 
valve sizing relies on the weight of the disc, it is therefore important not to place 
the valve on a vertical leg if it was sized for horizontal service. 

A tilting disc check valve is hinged around a pin that passes through the 
disc. The disc has the advantage of a shorter closing swing, allowing less time for 
flow reversal and slam. The disadvantage of the tilting disc check valve is that the 
disc remains in the flow stream during normal flow, but its aerodynamic shape is 
designed to reduce friction losses and pressure drop, while having the right lift and 
stability characteristic. 

A lift check valve is a check valve that relies on the linear motion of a plug, 
pushed open by flow in one direction, and closing as the flow stops or reverses. A 
spring assisted lift check valve is a cross between a globe valve, a safety valve and 
a check valve. The body and flow channels are similar to a globe valve, and the 
plug is spring assisted for closure. The flow enters from under the plug. As in the 
case of a safety-relief valve, the flow automatically lifts the plug. When the flow 
(and upstream pressure) is reduced, the spring pushes the plug shut against its seat. 
The valve can be installed horizontal or vertical since it does not rely significantly 
on the plug weight to re-close. 

A butterfly check valve is a butterfly valve with angled and hinged wings. 
The wings swing towards each other under normal flow conditions, opening the 
flow area; and then spring back to close the flow path when the flow stops or is 
reversed. A butterfly check valve can be installed horizontally or vertically. 

25.9 SAFETY AND RELIEF VALVES 

Safety and relief valves are valves that open automatically to relieve over¬ 
pressure. A safety valve is used in gas or steam service and fully opens at the set 
pressure. A relief valve is used in liquid service and has an opening characteristic 
that varies with flow rate. l Figure 25-7.1 Safety and relief valves perform an essen¬ 
tial safety function by preventing overpressure ruptures in equipment, pressure 
vessels, and piping systems. That is why their design and fabrication are closely 
regulated iumost states and in federal facilities to comply with the requirements of 
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the ASME Boiler and Pressure Vessel code. Compliance with the ASME code is 
evidenced by a stamp on the safety or relief valve. For example, a relief valve that 
complies with the design, fabrication and quality assurance requirements of the 
ASME Boiler and Pressure Vessel Code, Section VIII Division 1, is stamped 
“UV”. 


Once placed into service, the relief valve will typically be tested periodically 
(every year for boiler safety valves, every three to five years for process system 
valves). The periodic test consists in verifying that the valve pops open at the des¬ 
ignated pressure (set-point) and re-closes as expected. Readjusting the set point is 
most often performed in a valve shop certified by the National Board [ANSI/NB- 
23], or - if valve removal is impractical - the valve is tested in place. 



In power, pipeline and process applications, the selection and sizing of pres¬ 
sure relief devices (rupture discs, safety valves or relief valves) must comply with 
the ASME Boiler and Pressure Vessel code. For competent sizing, the engineer 
must have a thorough knowledge of the requirements of the ASME code [ASME 
I, ASME VIII, ASME VIII M], be fluent in thermo-hydraulics, and have access to 
the handful of publications and recommended practices on the subject [Crane, 
AIChE, API 520, API 521, API 576] and vendor catalogs. 

Our objective in this section is to touch on the key criteria for relief valve 
sizing, with simple illustrations in liquid systems. A full treatment of the subject, 
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including more complex applications for steam and gas systems, is beyond this 
limited objective. 

First criterion: Set point. The relief device should be set at a pressure that 
does not exceed the pressure rating of the weakest component in the system. Also, 
preferably, the set pressure should be 10% above the maximum normal operating 
pressure, to avoid discharge from normal pressure fluctuations during service. 

For example, consider a liquid process system with a design pressure of 50 
psi (i.e. the lowest rated component is rated for 50 psig). The system normally 
operates at a maximum pressure of 40 psi. In this case, the relief valve has to be 
set between a maximum of 50 psi and a minimum of 110% x 40 psi = 44 psi. In 
this example, the relief valve will be set at 50 psi. 

Second criterion: Capacity. The discharge capacity of the relief device (the 
minimum flow rate the relief device can discharge) has to be at least the worst 
credible buildup of flow in the system. To find the worst credible buildup of flow 
in the system one must consider, at least, the following sources: 

(a) The failure of a pressure-regulating valve to a wide-open position, causing the 
downstream pressure and flow in a system to suddenly rise. 

(b) The deadhead of a pump or a compressor against an accidentally closed valve. 

(c) The overheating and expansion of trapped fluid due to a rise of ambient tem¬ 
perature or an external fire. 

(d) The overheating or overpressure of fluid as a result of an exothermic or explo¬ 
sive reaction in tanks, vessels or pipes. 

(e) An external fire. 

(f) A runaway reaction. 

The question of what constitutes a credible overpressure scenario is a com¬ 
plex one [API 581, API 750, Lees, Deshotels]. It is easily solved if there are appli¬ 
cable regulations mandating certain overpressure accidents be considered as de¬ 
sign basis. In the absence of prescriptive rules, the operating company, the regu¬ 
lator and the insurer should carefully address the likelihood and consequence (i.e. 
the risk) of overpressure events. As a minimum, the system should remain within 
its code design pressure for overpressures that result from single failure or opera¬ 
tor error, or events that have a likelihood of 10' 2 /year or more frequent. Overpres¬ 
sure events that have a likelihood of 10 2 /year to 10^/year should not cause a rup¬ 
ture or a leak that could endanger workers, the public or the environment. Less 
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likely events (less frequent than 1 O' 4 /year) should also be considered if they can 
result in significant human or financial loss. 

For example, consider a pressure-regulating valve in liquid service. The 
liquid has a specific gravity of 1. The regulator reduces the liquid pressure from 
100 psi to 40 psi. If it fails wide open, the flow rate through the failed regulator 
will be 


Q = C V (AP / G) 0 - 5 

Q = flow rate through regulator, gpm 
Cy = valve Cy from vendor catalog 
AP = pressure drop across valve, psi 
G = specific gravity of liquid 

With a pressure drop from 100 psi down to 40 psi, and if the valve C v is 
5.29, and the specific gravity of the liquid is 1, then 

Q = 5.29 [(100-40)/ 1]° 5 -41 gpm 

The pressure relief valve must therefore be capable of relieving 41 gpm to 
counter a fully open regulator failure. 

Third criterion: Inlet pressure drop. As the relief device starts to discharge, 
the upstream fluid in the relief valve inlet pipe starts to flow towards the valve. 
This sudden flow of fluid to the relief device causes the relief valve inlet pressure 
to drop. This inlet pressure drop should not be larger than 3% in process systems 
(or 3 psi at set points of 30 psi or less) [ASME VIIIM]. 

The inlet pressure drop in liquid service is [Crane] 

AP-0.0000179 KpQ 2 /d 4 


AP = inlet pressure drop, psi 
K = resistance coefficient of inlet pipe and fittings 
p = mass density of fluid, lbm/ft 3 
Q - flow rate, gpm 
d - inner diameter, in 

In our example, Q - 41 gpm, p - 62.2 lbm/ft 3 , d - 1.5”. If the resistance 
factor of relief valve inlet pipe and fittings (tees, reducers, elbows, etc.) adds up to 
1.6, the pressure drop is 0.0000179 x 1.6 x 62.2 x 41 2 / 1.5 4 = 0.59 psi, which is 
1% of the set pressure of 41 psi, and therefore less than 3%. This third criterion is 
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not cast in concrete. It is in a non-mandatory appendix of the ASME code [ASME 
VIII M]. What is required is that as the inlet pressure drops when the valve opens, 
the pressure does not drop below the valve reclosing pressure. The difference be¬ 
tween the opening set pressure and the reseat pressure is called blowdown. If the 
inlet pressure drop is too large, it would starve the relief valve and the valve would 
immediately shut; the pressure would continue to buildup, immediately reopening 
the valve. As this closing-opening process continues, the valve would chatter, lim¬ 
iting its discharge capability and possibly causing damage. For example, if a relief 
valve is set at 1000 psi and has a blowdown of 20%, it will open at 1000 psi and 
reclose when the pressure has dropped down to 800 psi. If the inlet losses are 5%, 
as the valve opens at 1000 psi the inlet pressure will immediately drop to 950 psi. 
This pressure of 950 psi is still above the reclosing pressure of 800 psi: the valve 
will not reclose and will not chatter, even though the pressure drop is larger than 
the recommended 3%. 

Fourth criterion: Accumulation. Pressure accumulation should not exceed 
the limits permitted by the design code (jchapter 4 ) l 

As the relief valve discharges, there will be inlet line losses in the upstream 
pipe. We go back to our example of a relief valve with 1000 psi set-point and 5% 
line losses. If the system pressure increases to a static pressure of 1000 psi at the 
inlet of the closed relief valve, the valve will discharge. The pressure at the valve 
inlet will drop to 950 psi and then rebuild to 1000 psi. At this point, the pressure in 
the system being protected has built-up to 1050. In other words, the system pres¬ 
sure has increased from 1000 psi to 1050 psi; it is said to have accumulated 50 psi 
as the valve discharge s. If this is a liquid pipeline (ASME B31.4), the permitted 
accumulation is 10% ({Chapter 4)J therefore an accumulation of 5% = 50 psi is 
acceptable. 

Fifth criterion: Static backpressure. When the valve is closed, during normal 
operation, the backpressure at the valve outlet nozzle should be included in the set 
point. 


For example, if a pressure vessel has a maximum allowable working pres¬ 
sure (MAWP stamped on the nameplate) of 500 psi and operates at 300 psi, we 
have seen in the first criterion that the relief valve set point should be somewhere 
between 330 psi to 500 psi. Let’s say that the set pressure is selected as 400 psi. If 
during normal operation the relief valve discharge piping sees a static pressure of 
30 psi, the set pressure should be set at 430 psi to overcome the superimposed 
back pressure. 

Sixth criterion: Discharge backpressure. As the relief valve discharges, the 
pressure losses in the downstream piping should be less than 10% of the set pres¬ 
sure. 
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If the discharge piping is long or constricted, the hydraulic friction in the 
outlet piping will cause the pressure losses in the downstream pipe to be large and, 
as a result, the pressure at the relief valve outlet will remain large and tend to close 
the valve. 

25.10 CONTROL VALVES 

Flow control used to be accomplished by an operator, manually opening or 
closing a throttle valve, with an eye on a nearby pressure gage. In today’s plant, 
flow control is achieved through automated process control loops. A process con¬ 
trol loop includes three principal parts: (1) a measuring device reading and trans¬ 
mitting a process variable, most commonly pressure, temperature, flow rate or 
level, (2) a computerized controller that takes the measured variable and converts 
it into a signal to open or close a control valve, and (3) an automated control valve 
whose electrical or pneumatic operator is actuated by the controller to move the 
valve stem. A control valve is, in fact, a variable orifice. 

A control valve is characterized by its ability to respond to the controller’s 
step signal. The most accurate control valves may respond to signal step changes 
of 0.5%, while others may require signal changes of 1% or even 5% to respond 
and change flow area. In particular, the valve will be more sensitive as the actuator 
is coupled more directly to the stem. 

Sizing a control valve consists in selecting a valve that will comply with 
several rules: 

(a) The valve should deliver the required flow rate Q with the required pressure 
drop dP between its inlet and outlet nozzles. 

(b) The valve should control flow in normal service, being 40% to70% open, and 
contribute to 10% to 30% of the system pressure drop. 

(c) The flow should not be choked. 

(d) The valve should not cavitate. 

(e) The flow velocity at the valve outlet should not be excessive. 

(f) For throttling service, the stem travel vs. flow rate should be well defined (typi¬ 
cally linear for liquid systems). 
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(g) The valve should be able to control flow over the full range of expected flow 
rate (a valve’s rangeability is the ratio of maximum to minimum flow rate that it 
can control). 

(h) For reasons of structural integrity, the valve should not be smaller than one or 
two sizes below the pipe size. 

It may not always be possible to fully comply with rules (c) to (e), and a 
compromise must be achieved. For example, if some cavitation is inevitable, a 
hard metallic plug and seat may be used to avoid erosion, or special trims may be 
used to change the shape of the flow path. To comply with rules (a) and (b), the 
selected valve must have a valve coefficient C v such that [Skousen] 

Q = C v (l/Fp) (dP/Sp) 0 - 5 


Q = flow rate, gpm 
C v — valve coefficient 
F P = inlet/outlet piping geometry factor 
S P = specific gravity of the fluid 
dP = pressure drop across valve, psi 

This relationship between Q and dP shows that, as the control valve closes 
and the pressure drop increases, the flow rate will increase. There comes a point 
where the pressure drop is so large that the flow no longer increases with dP, in¬ 
stead the flow rate remains practically constant. It is said that the flow is choked. 
To comply with rule (c), the flow across a valve is not choked if the pressure drop 
across the valve dP is smaller than dP choked where 


dPchoked ~ Fl 2 (P1 " Fp Py) 


dPcboked - pressure drop across the valve at onset of choked flow, psi 

F L = liquid pressure recovery factor (function of valve type, typically 0.7 to 0.9) 

Pi = valve inlet pressure, psia 

P v = vapor pressure of the liquid at inlet temperature, psia 
F f = critical pressure factor 


F f = 0.96 - 0.28(P V / P c )°‘ 5 

P c = critical pressure of the liquid, psia (for example, 3200 psia for water) 

If the pressure drop across the valve dP is too large, the downstream pres¬ 
sure could fall below the vapor pressure of the liquid at the operating temperature 
and the liquid will flash into vapor bubbles. As the pressure recovers further 
downstream, the bubbles will collapse, causing popping noises as if there is gravel 
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in the pipe, a phenomenon called cavitation. The multitude of small impingements 
from bubbles collapsing against the inner diameter of the valve or pipe will erode 
the metal and form characteristic pits, possibly leading to leaks. To comply with 
mle (d), cavitation will not occur if the pressure drop across the valve dP is smaller 
than dP cav]tatl0n where 


dPcavitation F; (Pi f*v) 

To comply with rule (e), the flow velocity must be below an upper limit, 
based on experience with similar fluids and pipe and valve materials. Typical flow 
velocities for process systems in steel pipe are 4 to 10 ft/sec for 2” pipe, up to 7 to 
15 ft/sec for 12” pipe. Waterworks and service water systems typically flow at 0 to 
7 ft/sec. Control valves should not cause the valve outlet flow to be larger than 
approximately 30 ft/sec. Given the flow rate Q and the valve flow area A v , the 
velocity is given by 


V = 0.321 Q/A v 


V = flow velocity, ft/sec 

Q = flow rate, gpm 

A v = flow cross sectional area, in 2 

25.11 SIZING GAS CONTROL VALVES 

The mass flow rate of gas through a control valve is 

w - 19.3 F P C v Pj Y [x M w / (T, Z)f s 


w = mass flow rate, lb/hr 
x = dP/Pi 

dP = pressure drop across valve, psia 
Pi = absolute inlet pressure, psia 
M w = molecular weight of gas 
Ti = upstream temperature, °R (°F + 460) 

Z = compressibility factor of gas (a function of pressure and temperature) 
Y = gas expansion factor 


Y = 1 - x / [3 (k/1.4) x T ] 


k= ratio of specific heats 

x T = pressure drop ratio (depends on type of valve) 
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The flow across the valve will be choked, with the downstream velocity 
reaching sonic conditions, if 


(dP / P t ) > (k / 1.4) x T 

A control valve in gas service should limit the outlet pressure to Mach (out¬ 
let velocity divided by sonic velocity) of 0.5 to avoid excessive noise. 


25.12 VALVE ACTUATORS 

A valve stem may be operated by one of several methods; manually, pneu¬ 
matically, electrically or electro-hydraulically. Non-manual operators require an 
activation signal and are called actuators. These are power devices that produce 
torque or thrust to move the stem [Ulanski]. 

Manual operation is through a hand wheel, or a handle or lever for quarter 
turn valves, limiting the torque to approximately 80 ft-lb. A chain is provided to 
operate elevated valves, with a retaining clamp to avoid the risk of the chain fal¬ 
ling on the operator. 

Pneumatic actuators rely on air pressure (air operated valves AOV). On re¬ 
ceipt of an electric signal (of a few milli-amperes) or a pneumatic signal (3 to 10 
psi) from a positioner, plant air (60 to 150 psi pressure, or higher pressures to 
overcome high pressure flow, regulated to a pressure compatible with the actuator) 
is introduced into the actuator housing and deforms a diaphragm or drives a piston, 
which in turn moves the valve stem. Some pneumatic actuators require air to open 
and air to close (double-acting). Other actuators have a spring that will automati¬ 
cally return the valve to an open or a closed position on loss of air (single acting, 
fail-open or fail-closed). 

Electric motor actuators rely on electric power (often 110 V ac power) to 
activate a gearbox that drives the stem (motor operated valves MOV). A motor 
operated valve can develop very high thrust forces to open or close valves against 
high pressures and high flow rates. The actuators fail in position, which can be an 
advantage if the fail-open or fail-closed mode of a pneumatic valve is not desired. 
Motor operated valves have generally a slower motion, which may also be an ad¬ 
vantage in avoiding large pressure transients and waterhammer. They are obvi¬ 
ously valuable in remote areas, where there is no supply of pressurized air. Motor 
operators tend to be heavy, and require specialized maintenance. 

Electro-hydraulic actuators rely on a motor driving a pump filling either side 
of a piston with hydraulic fluid; the piston’s stroke drives the valve stem. It is gen- 
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erally a fast acting valve that can develop very large opening or closing thrust 
forces, and can provide fail-safe function. 

25.13 CLOSURE TEST 

A closure test is a test conducted to check for leakage across a closed valve. 
To conduct a closure test, the valve is closed and pressurized from one side with 
air, inert gas, water or a non-corrosive liquid of same viscosity as water, the other 
side being open to atmosphere. 

In a broad sense, seat tightness can be viewed in three categories: nominal 
leakage (valves not required to shut-off), low leakage (a level of tightness suffi¬ 
cient in many industrial applications), and atom-class tightness (extremely high 
degree of fluid tightness, such as required in aeronautic application) [Zappe]. A 
more graded approach applies in tightness standards MSS-SP-61, MSS-SP-82, 
FCI 70-2, API 598, and ASME B 16.34. For a test conducted according to MSS- 
SP-61, each isolation valve or check valve is tested with liquid or gas at 110% the 
rated pressure, or for certain sizes and ratings with a gas at a pressure of at least 80 
psi. The maximum leak rate is 10 ml/hr liquid or 0.1 std.ft 3 /hr gas per unit of 
nominal pipe size. Check valves are permitted four times this leak rate. For valves 
with plastic or elastomeric seal, no visible leak is allowed [MSS-SP-61]. 

There are three standard seat tightness test techniques in MSS-SP-82: tests 
W, V and T. In all three cases the acceptance criterion is that there be no “visible 
leak”: no weeping with liquids and no bubbles with air, using a detection tech¬ 
nique with a sensitivity of 4.1 10- 5 inVsec (6.7 10- 4 ml/sec) under a differential 
pressure of 80 psi to 100 psi for 8 NPS and smaller. A type W test is conducted 
with liquid, air or inert gas at the pressure rating of the valve. A type V test is con¬ 
ducted with air at 80 psi minimum. A type T test is conducted with liquid, air or 
inert gas at a pressure between 45 psi and 55 psi. In addition to the standard W, V 
and T tests, a test type S is any test specified, other than W, V or T. A type R des¬ 
ignation is where seat tightness is established by quality control measures rather 
than a test [MSS-SP-82]. 

There are six standard seat tightness classes in the Flow Control Institute’s 
standard 70-2: Classes I to VI in increasing order of tightness. A Class I valve is 
not tested for seat tightness. Classes II and III valves are tested with air or water at 
the maximum operating pressure differential across the seat or 50 psi, whichever is 
smaller. The permitted leak rate through the seat is 0.5% and 0.1% of rated capac¬ 
ity for Class II and III respectively. Classes IV and V valves are tested with water 
at the maximum operating pressure differential across the seat. The permitted leak 
rate through the seat is 0.01% of rated capacity and 5 10 -4 ml per minute per inch 
of seat diameter and per psi differential pressure for Class IV and V respectively. 
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The tightest class is class VI, tested with air or nitrogen gas at maximum operating 
pressure differential across the seat or 50 psi, whichever is smaller. The permitted 
leak rate is a function of the port diameter, and varies from 1 bubble/minute for T’ 
port to 45 bubbles/minute for 8” port [FCI 70-2]. 

For a test conducted according to API 598, the test pressure is either 60 to 
100 psi for low-pressure tests, or 110% of the design pressure for high pressure 
tests. Leakage of air or gas is detected at the open end by a bubble solution, and 
leakage of water or liquid can be measured. The seat tightness limits of API 598 
are a function of seat type and valve size. For all resilient (elastomeric) seats there 
should be no visible leak. For metal-to-metal seats the rules are: (a) for valves up 
to 2” no visible liquid leak or 1 bubble/minute air leak, (b) for 2.5” to 6” valves, 12 
drops/minute of water or 24 bubbles/minute of air, (c) for 8” to 12” valves, 20 
drops/minute of water or 40 bubbles/minute of air, (d) for 14” and larger valves, 
28 drops/minute of water or 56 bubbles/minutes of air. For check valves, the gas 
leak rate can not exceed 1.5 std.ft 3 /hr per inch of nominal size; the liquid leak rate 
can not exceed 0.18 std.in 3 /min per inch of nominal pipe size [API 598]. For a test 
conducted in accordance with ASME B16 [ASME B 16.34], isolation valves are 
tested with water at 110% of rated pressure, or with gas at 80 psi for 4” and 
smaller valves. The leakage criteria of MSS-SP-61 or API 598 apply. 

Some quarter turn valves (ball, plug, butterfly) have enough play in the 
closed position that they may not leak in the fabrication shop but will leak in the 
field. Valves with play in the closed position should not be used where leakage is 
of concern. 
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Appendix 

Standard Pipe Sizes 


A pipe (as opposed to a tube or “tubing”) may be defined as a cylinder 
whose dimensions (inner and outer diameters and wall thickness) comply with 
dimensional standards ASME B36.10 or ASME B36.19. A line pipe is a pipe 
commonly used for oil, hydrocarbon products and gas pipelines, whose 
dimensions comply with API 5L. 

A pipe is called out by its nominal pipe size (NPS) and its schedule. Up to 
NPS 12, the nominal pipe size is a rounded approximation of the outer diameter 
(for example NPS 4 is a pipe with an outside diameter of 4.5”). Above NPS 12, 
the NPS is the actual outer diameter of the pipe (an NPS 20 pipe has an outer 
diameter of 20”). There used to be three schedules of pipe: Standard (std.), extra¬ 
strong (XS), and extra- extra-strong (XXS). The current commercial schedules are 
5 and 10 for stainless steel (followed by the letter S to designate stainless steel: 5S 
and 10S), and 40, 60, 80, 100, 120, 140 and 160. But, as indicated in the enclosed 
tables, not all schedules are commercially available for all sizes. 


If t = nominal wall (in), D = outside diameter OD (in), d = inside diameter ID (in), 
then: 


The weight of steel pipe per foot is 

The weight of water per foot is 

The moment of inertia of the metal cross section is 

The section modulus of the metal cross section is 


w P =10.6802 t(D-t) lb/ft 

w w = 0.3405 d 2 lb/ft 

1 = 0.0491 (D 4 -d 4 ) in 4 

Z = 0.0982 (D 4 -d 4 )/D in 3 
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Table A-l Standard Pipe Sizes 
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NPS 
OD (in) 

Sch. 


2 

5S 

■ 

2.245 

1.6 

1.7 

2.375 

10S 

I 

- 2.157 

2.6 

1.6 


40-Std-S 

0.154 

2.067 

3.7 

1.5 


80-XS-S 

0.218 

1.939 

5.0 

1.3 


160 

0.343 

1.689 

7.4 

1.0 


xxs 

0.436 

1.503 

9.0 

0.8 

2-1/2 

5S 

KOI 

2.709 

2.5 

2.5 

2.875 

10S 

Ball 

2.635 

3.5 

2.4 


40-Std-S 

m 

2.469 

5.8 

2.1 


80-XS-S 

Ha 

2.323 

7.7 

1.8 


160 

0.375 

2.125 

10.0 

1.5 


XXS 

0.552 

1.771 

13.7 

1.1 

3 

5S 

■Hi 

3.334 

3.0 

3.8 

3.5 

10S 

BSH 

3.260 

4.3 

3.6 


40-Std-S 

Hi 

3.068 

7.6 

3.2 


80-XS-S 

BUI 

2.900 

10.2 

2.9 


160 

0.437 

2.626 

14.3 

2.3 


XXS 

0.60 

2.300 

18.6 

1.8 

3-1/2 

5S 

Hpis 

3.834 

3.5 

5.0 

4.0 

10S 


3.760 

5.0 

4.8 


40-Std-S 

0.226 

3.548 

9.1 

4.2 


80-XS-S 

0.318 

3.364 

12.5 

3.9 

4 

5S 

■sia 

4.334 

3.9 

6.3 

4.5 

10S 

BSH 

4.260 

5.6 

6.2 


40-Std-S 

BH 

4.026 

11 

5.5 


80-XS-S 

BUS 

3.826 

15 

4.9 


120 

0.437 

3.626 

19 

4.5 


160 

0.531 

3.438 

23 

U 


XXS 

0.674 

3.152 

28 

■B 

5 

5S 


5.345 

6.3 

9.7 

5.563 

10S 

1 

5.295 

7.8 

9.5 


40-Std-S 

1 

5.047 

15 

8.7 


80-XS-S 


4.813 

21 

7.9 


120 

0.500 

4.563 

27 

7.1 


160 

0.625 

4.313 

33 

6.3 


XXS 

0.750 

4.063 

39 

5.6 
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HfjjjgM 

Sch. 

ISI 

■9 

mSlm 

WfiSm 

m 

IKSfl 

6 

5S 


6.407 

7.6 

14 

12 

3.6 

6.625 

10S 

iffij 

6.357 

9.3 

14 

14 

4.3 


40-Std-S 

i*fli 

6.065 

19 

13 

28 

8.5 


80-XS-S 

EH1 

5.761 

29 

11 

41 

12 


120 

0.562 

5.501 

36 

10 

50 

15 


160 

0.718 

5.189 

45 

9.2 

59 

18 


xxs 

0.864 

4.897 

53 

8.2 

66 

20 

8 

5S 


8.407 

9.9 

24 


6.1 

8.625 

10S 


8.329 

13 

24 


8.2 


20 


8.125 

22 

22 

58 

13 


30 


8.071 

25 

22 

63 

15 


40-Std-S 

0.322 

7.981 

29 

22 

73 

17 


60 

0.406 

7.813 

36 

21 

89 

21 


80-XS-S 

0.500 

7.625 

43 

20 

106 

25 


100 

0.593 

7.439 

51 

19 

121 

28 


120 

0.718 

7.189 

61 

18 

140 

33 


140 

0.812 

7.001 

68 

17 

154 

36 


XXS 

0.875 

6.875 

72 

16 

162 

38 


160 

0.906 

6.813 

75 

16 

166 

38 

10 

5S 

0.134 

10.482 

15 

37 

63 

12 

10.75 

10S 

0.165 

10.420 

19 

37 

77 

14 


20 

0.250 

10.250 

28 

36 

114 

21 


- 

0.279 

10.192 

31 

35 

126 

23 


30 

0.307 

10.136 

34 

34 

137 

26 


40-Std-S 

0.365 

10.020 

40 

34 

161 

30 


60-XS-80S 

0.500 

9.750 

55 

32 

212 

39 


80 

0.593 

9.564 

64 

31 

244 

46 


100 

0.718 

9.314 

77 

30 

286 

53 


120 

0.843 

9.064 

89 

28 

324 

60 


140 

1.000 

8.750 

104 

26 

367 

68 


160 

1.125 

8.500 

116 

25 

399 

74 


1 bar = 10 5 pascals 
1 kgf/cm 2 = 9.8 10 4 pascals 
1 kgf/cm 2 = 14.22 psi 
1 psi — 6.9 10 3 pascals - 6.9 kPa 
1 pascal = 1 N/m 2 

1 megapascal - 1 MPa = 10 6 Pa = 10 bars =147 psi 


1 psi = 0.069 bar 
1 inHg = 0.491 psi 
1 bar = 0.9869 atmospheres 
1 atm, = 76 cm Hg 
1 atm= 33.9 ft water 
1 atm.= 29.92 in Hg 


1 lbf =4.45 Newtons 
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Sch. 

■OH 

■SH 

RPR* 


■HH 

mm 

R 


H 

■R5* 

KS9 



■Ssli 

12 

5S 

0.165 

12.420 



129 


12.75 

10S 

■ 

12.390 



140 



20 

1 

12.250 

33 

51 

192 



30 


12.090 

44 

50 

249 



Std-40S 

0.375 

12.000 

50 

49 

279 



40 

m 

11.938 

54 

49 

300 

47 


XS-80S 


11.750 

65 

47 

362 

57 


60 

0.562 

11.626 

73 

46 

401 

63 


80 

0.687 

11.376 

89 

44 

475 

75 


100 

0.843 

11.064 

107 

42 

561 

88 


120 


10.750 

125 

39 

641 

101 


140 

1.125 

10.500 

140 

38 

701 

110 


160 

1.312 

10.126 

160 

35 

781 

123 

14 

10 


13.500 

37 

62 

255 

36 

14.0 

20 


13.376 

46 

61 

314 

45 


30-Std 


13.250 

55 


373 

53 


40 

Bl M 

13.126 

63 

59 

429 

61 


XS 

0.500 

13.000 

72 

57 

484 

69 


- 

0.562 

12.876 

81 

56 

537 

77 


60 

0.593 

12.814 

85 

56 




- 

0.625 

12.750 

89 

55 

589 

84 


- 

0.687 

12.626 

98 

54 

638 

91 


80 

0.750 

12.500 

■a 

53 

687 

98 


- 

0.875 

12.250 

mM 

51 

781 

112 


100 

0.937 

12.126 

131 


825 

118 


120 

1.093 

11.814 

151 

48 


133 


140 

1.250 

11.500 


45 


147 


160 

1.406 

11.188 

189 

43 

1116 



1 mile = 1.61 km 
1 mile — 5280 ft 
1 mph = 1.47 ft/sec 
1 in = 25.4 mm 

T°C = (T°F-32)/1.8 
T°K = (T°F +459.7)/ 1.8 
T°R= 1.8 T°K 
T °R = T °F + 459.7 
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1 gallon - 231 in 3 
1 gallon = 0.134 ft 3 
1 barrel oil = 42 U.S. gallons 


1 joule = 0.73756 ft-lb 
1 Btu = 778.169 ft-lb 
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NPS 
OD (in) 

Sch. 

m 

m 

BjEf-SI 

Wmm 



Z 

(in 3 ) 

24 

10 

H 

23.500 

63 

188 

1316 

110 

24.0 

- 

mu 

23.376 

79 

186 

1629 

136 


20-Std 

0.375 

23.250 

95 

184 

1943 

162 


- 

0.437 

23.126 

110 

182 

2246 

187 


xs 

0.500 

23.000 

125 

180 

2550 

213 


30 

0.562 

22.876 

141 

178 

2844 

237 


- 

0.625 

22.750 

156 

176 

3138 

261 


40 

0.687 

22.626 

171 

174 

3422 

285 


- 

0.750 

22.500 

186 

172 

3706 

309 


60 

0.968 

22.064 

238 

166 

4654 

388 


80 

1.218 

21.564 

296 

158 

5673 

473 


100 

1.531 

20.938 

367 

149 

6853 

571 


120 

1.812 

20.376 

429 

141 

7827 

652 


140 

2.062 

19.876 

483 

135 

8627 

719 
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